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Abstract
An investigation into karst hazard in southern Ontario has been undertaken with the intention of
leading to the development of predictive karst models for this region. The reason these are not currently
feasible is a lack of sufficient karst data, though this is not entirely due to the lack of karst features.
Geophysical data was collected at Lake on the Mountain, Ontario as part of this karst investigation. This
data was collected in order to validate the long-standing hypothesis that Lake on the Mountain was
formed from a sinkhole collapse. Sub-bottom acoustic profiling data was collected in order to image the
lake bottom sediments and bedrock. Vertical bedrock features interpreted as solutionally enlarged
fractures were taken as evidence for karst processes on the lake bottom. Additionally, the bedrock
topography shows a narrower and more elongated basin than was previously identified, and this also lies
parallel to a mapped fault system in the area. This suggests that Lake on the Mountain was formed over a
fault zone which also supports the sinkhole hypothesis as it would provide groundwater pathways for
karst dissolution to occur. Previous sediment cores suggest that Lake on the Mountain would have formed
at some point during the Wisconsinan glaciation with glacial meltwater and glacial loading as potential
contributing factors to sinkhole development.
A probabilistic karst model for the state of Kentucky, USA, has been generated using the Weights
of Evidence method. This model is presented as an example of the predictive capabilities of these kind of
data-driven modelling techniques and to show how such models could be applied to karst in Ontario. The
model was able to classify 70% of the validation dataset correctly while minimizing false positive
identifications. This is moderately successful and could stand to be improved.
Finally, suggestions to improving the current karst model of southern Ontario are suggested with
the goal of increasing investigation into karst in Ontario and streamlining the reporting system for
sinkholes, caves, and other karst features so as to improve the current Ontario karst database.
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Chapter 1
Introduction
1.1 Overview
In this chapter the concepts of karst, its formation processes, and the hazards that are
associated with it will be discussed. This will also include the current understanding of karst
processes in southern Ontario, which will be introduced along with the background geology of
this region for context. This will lead into the presentation of the research motivation and
intentions where the objectives of the following chapters will be outlined.

1.2 Karst
Karst is a geological term referring to soluble rock that has been dissolved by the action
of water. Karst topography is typically characterized by distinctive landforms including caves,
disappearing streams, and sinkholes(Ford & Williams 1989; White 1988). However, the absence
of these landforms does not rule out the presence of karst bedrock, as sufficient sediment cover
can obscure these (Ford & Williams 1989). Subsurface karst is of particular interest in many
regions of the world because of its potential for groundwater resource extraction. According to
Ford and Williams (2007) approximately 7-10% of the planet’s surface is covered by karst rock,
and this does not include karst formations at depth. Regions underlain by these formations
typically source a large amount of their groundwater from these karst aquifers (Ford & Williams
2007). The amount of water that can be stored in an aquifer system is a function of several
factors, but one of the most important is the material porosity (Ford & Williams 1989). The
primary porosity describes the intergranular pore space of the host material while the secondary
porosity describes the additional space that is created by fractures and other forms of host rock
deformation (Bakalowicz 2005; Ford & Williams 1989). The most significant form of secondary
1

porosity in terms of its impact on aquifer storage is the dissolution of host rock, such as from
karst processes (Ford & Williams 1989), and this is sometimes referred to as tertiary porosity as it
is typically seen as the alteration and solutional enlargement of secondary porosity features
(Bakalowicz 2005; Benson et al. 2003; Steelman et al. 2015). The increased porosity due to karst
processes also causes karst aquifer permeability to change with time (Ford & Williams 1989).
From a hazard perspective, the most relevant karst features are sinkholes. Sinkholes are
depressions or holes in the ground that form as a result of the collapse or subsidence of
subsurface voids (Ford & Williams 1989). Voids that develop in bedrock are typically karstic in
nature and come about as a result of the erosional action of water dissolving soluble bedrock
(Ford & Williams 1989). This can either result in the upper intact layer of bedrock collapsing or
the subsidence of the overburden due to soil piping into underlying karst voids (Ford & Williams
1989; Panno et al. 2008; Waltham et al. 2005). Similar voids can also develop in soil as the result
of man-made infrastructure such as leaking water pipes washing out the soil beneath a road, or
underground excavations collapsing. These also lead to sinkholes and as these kind are more
common in more developed urban areas(Parise & Lollino 2011; Waltham et al. 2005). These are
not karst sinkholes and can form regardless of the bedrock karst potential. However, the hazard of
karst sinkholes is possible to predict in some capacity as karst processes are well enough
understood to evaluate the karst potential of the bedrock across a given region. Though sinkhole
hazard is the major concern regarding karst, it is more convenient to describe the hazard of karst
occurring, as this is the mechanism that allows for sinkholes to occur.
There are six main classifications of karst sinkholes that can be observed: solution,
collapse, caprock, dropout, suffosion, and buried sinkholes (Waltham et al. 2005). Cross-sectional
diagrams and descriptions of each of these classifications can be found in Figure 1.
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Figure 1: The six different varieties of sinkhole with a cross-sectional diagram and
description for each. (Modified from Waltham et al. 2005)
3

Of the six different sinkhole landforms described in Figure 1, three are stable geological
features with no associated hazard. They form over long time periods. However, collapse,
caprock, and suffosion sinkholes are of concern for human and infrastructure safety. Collapse and
caprock sinkholes are essentially the same mechanism, where the bedrock collapses into a
subsurface cavern (Waltham et al. 2005). This kind of bedrock failure is violent and poses a
serious safety hazard. Suffosion sinkholes are gradually forming overburden depressions from
sediments slowly washing into subsurface cavities (Waltham et al. 2005). Though these form
slowly, often over the course of months or even years, they can destabilize surface structures such
as buildings or roads, which can also be hazardous (Waltham et al. 2005).
1.2.1 Factors That Influence Karst Formation
Karst is complex process that relies on the interaction between several factors.
White (1988) describes karst development as a rate process – essentially a chemical reaction that
balances both the forward and reverse reaction of bedrock dissolution and precipitation.
He also described three major variable interactions that influence the rate process of karst
formation which are illustrated in the form of coordinate systems in Figure 2. These coordinate
systems take seven of the most significant factors that influence karst development and organizes
them into 3 functions in order to demonstrate how their interaction contributes to karst processes
(White 1988).
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Figure 2: Coordinate systems illustrating the three fundamental functions responsible for
karst formation. (White 1988)
The first coordinate system is a consideration of the chemical factors controlling karst
formation and is comprised of a balance between the amount of precipitation, the temperature,
and the partial pressure of CO2 in solution (White 1988). The precipitation variable is easily
understood, as the amount of water available to a system is crucial to any dissolution processes.
The actual dissociation of calcite in water can be described by the following chemical reaction
(Ford & Williams 1989):
𝐻2 𝑂

𝐶𝑎𝐶𝑂3 ⇔

𝐶𝑎2+ + 𝐶𝑂3 2−

(1)

This process on its own is very slow, reaching a saturation point of 14 mg/L (in pure
water at 25⁰C) and comparatively little calcite is dissolved in this way because the reaction rate is
so slow compared to the reaction that occurs when CO2 is also present in the system. CO2 readily
dissolves in water and generates a weakly acidic solution. When this solution is introduced to
calcite, it results in a series of reactions that can be summarized as (Bloom 1978; Ford &
Williams 1989):
𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2 𝑂 ⇔ 𝐶𝑎2+ + 2𝐻𝐶𝑂3 −
5

(2)

As this reaction proceeds much more readily than the pure dissociation of calcite shown
in Equation (1), the amount of CO2 in solution becomes a controlling factor in the extent to which
calcite can be dissolved. There is a similar equation for the dissolution of dolomite, and with most
evaporites simple aqueous dissociation drives dissolution processes, however this calcite-CO2H2O system accounts for the majority of karst dissolution (Andre & Rajaram 2005; Ford &
Williams 1989; White 1988). There are also other sources of acidic fluids that can drive karst
processes, such as H2S derived acids that are involved with forming deeper hypogenic karst
systems, though these are not as common (Andre & Rajaram 2005; Ford & Williams 1989; White
1988). The temperature variable also reflects the amount CO2; though calcite has a retrograde
solubility and there might be some instances of increased dissolution in colder temperatures
(Andre & Rajaram 2005), by and large the input of temperature is limited to its influence on the
type and density of vegetation which provide a source of CO2 to the karst system (Bloom 1978;
Ford 1971; Ford & Williams 1989; White 1988). Generally, higher temperatures result in more
dense vegetation and more CO2 available in the soil, which can then be dissolved by precipitation
as it infiltrates the soil in order to drive karst processes at depth (Bloom 1978; White 1988). This
is not always the case, such as in arid or semi-arid environments where vegetation may be sparse
(Ford & Williams 1989; White 1988).
The second of these variable interactions deals with the physical movement of water and
balances the topographic relief of the area with yet again the amount of precipitation available
(White 1988). This time precipitation is considered in terms of the availability of water for solute
transportation as opposed to its direct interaction with the host rock. The more water movement in
a karst system, the faster dissolution will occur (White 1988). This is because not only can new
undersaturated waters be introduced to the fracture surfaces for dissolution, but they can also
incorporate some action of mechanical erosion as well (Ford & Williams 1989; White 1988). This
is dependent on the kinetic energy of the water in a system, which can be a function of the
6

hydraulic gradient in deeper karst systems but is more typically a function of the gravitational
potential energy of the water flowing to lower elevation at or near surface (White 1988). The
more varied the topographic relief of an area, the more quickly water can turn gravitational
potential energy into kinetic energy, which contributes to karst processes (White 1988).
The third and final variable interaction is the hydrogeological setting, which is a
consideration of the tectonic setting, the lithology, and the thickness of soluble rocks (White
1988). This is mainly a consideration of whether or not the bedrock geology is conducive to karst
formation. The lithology must be one of a number of rock types that are known to have the
potential for karst development. This includes any type of carbonate rocks containing sufficient
calcite or dolomite, evaporites, and (under certain less common conditions) quartzite and silicious
sandstones (Ford & Williams 1989). The thickness of these soluble rocks is also important
because the extent of karst development is much more limited if the soluble sequence is thinner.
And finally, the tectonic setting is a consideration of the jointing and faulting in the area with
respect to their role as primary groundwater pathways and typically where dissolution of caves
initiates (Andre & Rajaram 2005; Faith et al. 2005; Ford & Williams 1989; White 1988).
However, karst systems on a larger scale are much more complicated than these simplified
variable interactions would suggest. These describe the instantaneous conditions regarding karst
dissolution and the rate at which it proceeds, but fail to describe the effects of the temporal
variation of these factors. Changes in regional climate can alter the temperature and precipitation,
and by extension the availability of CO2 from vegetation, possibly accelerating or completely
halting karst development in a given region. Additionally, changes in local geomorphology affect
a number of these factors. These could be minor in extent, such as the downcutting of a river
valley pirating the headwaters of a streams feeding a karst system. They also include much larger
scale events, such as tectonic uplift or a major glaciation. Glacial events in particular have been
important for karst systems in North America as they resulted in drastic changes to the landscape.
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The movement of large amounts of sediment and drastic changes in relief can have the effect of
covering and infilling karst systems or carving them out of the surface rocks entirely.
Karst hazard does not disappear when these processes stop occurring. Karst voids can exist
undetected and still be at risk of subsidence and collapse long after dissolution has ceased. The
hazard also has a human element to it; by changing the stress field around a karst cavity through
either surficial loading from infrastructure development (Waltham 2008) or through the lowering
of the water table through groundwater extraction (García-Moreno & Mateos 2011; Waltham
2008), collapse and subsidence can be induced where the ground was otherwise in stable
equilibrium with karst voids. This puts into perspective the importance of our understanding of
karst hazard since what we observe at surface is not necessarily an expression of the subsurface
conditions.

1.2.2 Paleozoic Geology of Southern Ontario
Southern Ontario is mostly underlain by a sequence of Paleozoic sedimentary strata
which unconformably overlie the much older Precambrian rocks of the Canadian Shield below.
These strata are divided into two major regions by the Frontenac Axis, a spur of the Canadian
Shield that connects the northern Ontario shield rocks to the Adirondack mountains in upstate
New York. The Ottawa-St. Lawrence Basin lies to the north and east of the Frontenac Axis and
contains a succession of Cambrian sandstone and Ordovician dolomite, limestone, sandstone, and
shale. To the west of the Frontenac Axis and into southwestern Ontario follow a succession of
progressively younger sedimentary strata dominated by carbonate rocks of Ordovician, Silurian,
and Devonian age. Ordovician sequences unconformably overlie the basement Precambrian
shield rocks and in some areas small extents of Cambrian sandstone which in turn unconformably
overlie the Precambrian basement. A map of the Paleozoic geology of southern Ontario can be
8

found in Figure 3. In the following chapters reference will be made to the rocks of southern
Ontario and this will mainly be referring to these Paleozoic-aged strata, including those of the
Ottawa-St. Lawrence basin.

Figure 3: Map of Paleozoic geology of southern Ontario, grouped by formation age. A
detailed stratigraphic section is available in Appendix A(Armstrong & Dodge 2007).

1.2.3 Wisconsinan Glaciation and Post-Glacial Geomorphology of Southern Ontario
The Wisconsinan Glaciation is the name used to describe the most recent series of major
glacial advances of ice sheets in North America, which is understood to have extended from
approximately 75 ka to 10 ka (Eyles & Westgate 1987). During this period, the repeated advances
of the Laurentide ice sheet scoured the bedrock surface of southern Ontario. It is difficult to
estimate the amount of erosion caused during this period, but based on seismic reflection data
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from the eastern North American continental margin, a conservative estimate of an average of
120 m of bedrock erosion beneath the Laurentide ice sheet has been suggested (Bell & Laine
1985). The result of this glacial erosion is that the physiography of southern Ontario is dominated
by glacial landforms, and any pre-glacial surficial features or near surface bedrock features have
been almost completely obliterated (Chapman & Putnam 1984). The Ontario lobe, sometimes
extended as part of the Huron-Erie lobe, of the Laurentide ice sheet actually carved the entirety of
the basin which Lake Ontario fills from a pre-existing river valley (Chapman & Putnam 1984;
Dyke 2004). The movement of the ice was in a west-southwesterly direction, and the ice stream
traces of the Huron-Erie lobe can be observed in Figure 4.

Figure 4: Map of the ice streams of the Great Lakes ice lobes of the Laurentide ice sheet.
Adapted from Margold et al. 2015.
The Late Wisconsinan describes the most recent period of glacial advance which lasted
from 26.5 ka to approximately 22 ka (Clark et al. 2009), and the period afterwards in which the
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ice sheets progressively receded. During this glacial recession, the St. Lawrence channel was
blocked by ice, which prevented meltwater from reaching the Atlantic Ocean. As a result, a series
of post-glacial lake phases formed in the uncovered parts of the Great Lakes basins starting at
around 14 ka (Dyke 2004), some of which extended to cover much of southern Ontario (Chapman
& Putnam 1984; Kor et al. 2012). Lake Ontario, including the Prince Edward Peninsula, was
deglaciated sometime between 12.5 ka and 12 ka (Dyke 2004). By approximately 12 ka the ice
had receded far enough that an alternate pour point was exposed (Dyke 2004), and proglacial lake
Iroquois drained through the Mohawk and Hudson river valleys in New York state (Chapman &
Putnam 1984). The lowering of the water level exposed the remaining surfaces that had been
scraped clean by glacial erosion, as well as the great deposits of glacial sediments that now cover
much of the province (Chapman & Putnam 1984).

1.2.4 Karst in Ontario
A comprehensive report on karst in southern Ontario was completed by Brunton and
Dodge (2008) on behalf of the Ontario Geological Survey (OGS). This was part of a series of
groundwater resource studies published by the OGS and also involved a regional scale subsurface
borehole investigation undertaken by Golder Associates in order to further investigate karst.
The Golder Associates investigation demonstrated that present day karst processes that
are acting on soluble rocks in southern Ontario are almost entirely restricted to the limestone and
dolostone plain areas where soluble rocks are overlain by less than 1 m of overburden (Brunton &
Dodge 2008b; Golder Associates Ltd. & Ontario Geological Survey 2008). Five principal regions
of limestone and dolostone plains were identified and targeted for their study: Carden, Napanee
and Prince Edward County, Smiths Falls, Guelph, and the Bruce Peninsula (Figure 5).
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Figure 5: The five regions of thin-drift soluble rocks in Southern Ontario. The areas shaded
in black correspond to the Paleozoic limestone and dolostone plain regions with limited drift
cover (Golder Associates Ltd. & Ontario Geological Survey 2008).
Across all five of these regions it was apparent that the existing karst features are almost
entirely post-glacial. This was mostly composed of small scale clint and grike karst topography
developing in areas where precipitation was directly flowing across bare rock surfaces and
penetrating into the rock along joints and fractures. However, when overburden thickness
increased to 1 m or more, no new karst development was found to be occurring. In fact, in many
of these locations stripping away the overburden exposed the glacially polished limestone surface
complete with intact glacial striations and joint surfaces. This shows that the overburden in many
of these thin drift areas is actually protecting the underlying bedrock from karst development. The
explanation given for this phenomenon is that the overburden across most of southern Ontario is
composed primarily of detrital material from glacial erosion. Since most of the glacially eroded
bedrock in southern Ontario is composed of carbonates, the overburden material is chiefly
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composed of eroded carbonates. When acidic precipitation filters through the overburden, it is
neutralized by the carbonate material within it, to the degree that it no longer has the capacity to
react with the bedrock and induce carbonate dissolution once it reaches this depth. Additionally,
these five study areas that are currently being acted upon by karst processes were investigated
further by the geophysical logging of 27 boreholes across 21 different field locations in these 5
limestone and dolostone plain study areas. These boreholes ranged in depth from 4.9 to 55.7 m,
and a combined total of 582 m of borehole geophysical logs were collected. The methods used in
the geophysical logging included natural gamma, apparent conductivity, caliper probe, and
optical televiewer.
Natural gamma is a process that measures the gamma radiation emitted by naturally
occurring radioactive isotopes in subsurface materials and its application in this study was to
differentiate shales or clay rich horizons from limestone layers (Golder Associates Ltd. & Ontario
Geological Survey 2008; Telford et al. 1990). This differentiation is possible because radioactive
elements tend to be more concentrated in clay and shale relative to limestone (Golder Associates
Ltd. & Ontario Geological Survey 2008; Telford et al. 1990). The apparent conductivity
measurements were conducted using an electromagnetic instrument; these kinds of instruments
produce a magnetic field, which interacts with the wall rocks and induces electric currents in
those materials (Golder Associates Ltd. & Ontario Geological Survey 2008; Telford et al. 1990).
The currents are dependent on electrical and magnetic material properties of the rocks, the
porosity, clay and water content, and dissolved chemistry of the pore fluids. The induced currents
then generate secondary magnetic fields which can be measured to calculate a bulk apparent
conductivity of the bedrock as it varies with depth (Golder Associates Ltd. & Ontario Geological
Survey 2008; Telford et al. 1990). The caliper probe physically measures how the borehole
diameter changes, specifically to explore for subsurface void spaces, while the optical televiewer

13

is used to collect high resolution digital images of the inside of the borehole walls (Golder
Associates Ltd. & Ontario Geological Survey 2008).
Using these geophysical methods, it was observed that in the thin drift limestone plains,
the bedrock was subjected to karst processes dominated by clint and grike surface topography and
karst weathering of vertical bedrock fractures limited to a depth of 2-4 m. By comparison, the
dolostone was observed to have vuggy zones and bedding partings from karst weathering at
depths of up to 37.75 m, and this was mainly found to be dependent on water table depth (Golder
Associates Ltd. & Ontario Geological Survey 2008).
These results were used by Brunton and Dodge (2008) to support their interpretation of
active karst processes in southern Ontario. They created a map of their anticipated distribution of
karst based on observed lithological controls from field investigations. This map can be observed
in Figure 6. The map has 4 hazard classes: known karst, inferred karst, potential karst, and
unknown. Known karst of course refers to areas with observed karst features, while inferred karst
extrapolates from known karst to include the surrounding bedrock of the same formation but
where karst has not actually been observed. Potential karst is then described as carbonate areas
that are most susceptible to karst processes. Finally, unknown karst regions encompasses all other
areas of no observations where the character of bedrock, lack of outcrop, or thickness of
overburden that show little possibility of karstification (Brunton & Dodge 2008b). This karst map
was not specifically defined as a karst hazard model, but as this is the closest that has been
published by the OGS it will be taken as the existing model for karst hazard in Ontario.
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Figure 6: Karst map published by the OGS (Brunton & Dodge 2008b). A more detailed
version can be found in the original publication.
There are a few problems that arise with using this karst model in order to evaluate karst
hazard for southern Ontario. Firstly, though field observations and locations of karst features are a
major part of the model, the majority of the extrapolation and classification of regions is done
using a knowledge driven approach. This means that empirical field observations of karst
processes have been used to extrapolate karst behavior across large regions of southern Ontario.
Though the authors may be expert authorities on Ontario karst geology, this overly simplifies the
complexity of the karst system. Karst processes are the result of a complex interaction of a
number of contributing factors and this model has only incorporated the bedrock geology, the
overburden coverage, and the distribution of observed karst features. Secondly, the focus on
15

active karst processes is overly narrow and excludes large regions that have the potential for karst
hazard. One of the main reasons for this is that the focus of this study was for the purpose of karst
groundwater resource evaluation, and the focus was therefore on karst areas that are currently
being produced for groundwater (Brunton & Dodge 2008a). As previously noted, one of the main
findings of the Golder Associates karst investigation was that current karst processes are mostly
limited to thin-drift to bare bedrock regions as the carbonate-rich glacial cover that blankets much
of the province also acts as a buffer against acidic precipitation, neutralizing its capability to
develop karst (Golder Associates Ltd. & Ontario Geological Survey 2008). However, the lack of
currently active karst processes does not preclude the possibility of pre-existing karst features.
There are cave locations in southern Ontario that predate the Wisconsinan Glaciation as Brunton
and Dodge (2008b) acknowledge, in fact new caves are being reported with more frequency in
south-central Ontario, a region where that was long thought to be devoid of karst features due to
glacial erosion and subsequent cover (Gordon 2011). Just because many of these existing caves
are not undergoing continued karst alteration does not make them less important to our
understanding of karst processes, nor does it make them any less of a hazard. Existing caverns
and karst voids still pose a risk of sinkhole collapse even if they are covered by overburden. And
lastly, an insufficient number of observations of karst features is used for the development of a
map for such a large region. The report authored by Brunton and Dodge is available for download
from the OGS website along with an assortment of karst data for Ontario that was used to make
the karst distribution map in Figure 6. The dataset of observed karst occurrences lists 323
observed karst features, which can be seen in Figure 7.
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Figure 7: Map of southern Ontario documented karst features and including the locations
of the boreholes logged as a part of the karst investigation undertaken by Golder Associates.
Of those documented karst features, 13 are marked as unverified and 44 others are
sourced solely from a B.Sc. thesis published in 1965 (Ongley, E.D., as cited in Brunton and
Dodge, 2008a). A large number of the remaining features are heavily concentrated in the area of
the Bruce Peninsula with comparatively few observations left to span the rest of southern Ontario.
That is simply not enough verified occurrences upon which to base a predictive model on the
scale of all of southern Ontario. Additionally, it does not appear that all of these karst locations
were taken into account in the karst map published by Brunton and Dodge (2008). Many of them
fall on areas assigned as unknown and potential karst classes, which are supposedly areas that
have no documented karst.
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1.3 Research Motivation
The motivation of this project is to further the understanding of karst in Southern Ontario,
in order to better understand the potential hazard that karst poses to safety and infrastructure. As
it stands right now, karst is not considered to be of great concern across the majority of southern
Ontario (Brunton & Dodge 2008a), even though the majority of this area is underlain by rocks
that have the potential for karst dissolution and that are covered by enough glacial overburden to
obscure the true distribution of the existing bedrock karst features. This overburden is also
understood to act as a buffer that prevents karst dissolution across much of this area, however this
does not mean that existing karst features are well understood or any less of a hazard.
The following chapters explore a case study at Lake on the Mountain, Ontario, which details a
geophysical investigation undertaken to validate a potential kilometer-scale sinkhole that forms
this lake. This demonstrates how large scale karst features can be unaccounted for in the
incomplete registry of karst occurrences verified by the OGS. The OGS karst model for Ontario
has been discussed, demonstrating the lack of data quality and coverage in the provincial karst
registry. A predictive karst model is presented based on a much more detailed karst dataset from
the state of Kentucky and the results are used to demonstrate the potential for hazard prediction
afforded by these kinds of models.

1.3.1 Thesis Objectives
The major objectives of this thesis are to:
1) Provide evidence, through the collection of geophysical and other forms of data, to validate
the hypothesis of a large-scale sinkhole at Lake on the Mountain, Ontario.
2) Use this information in order to provide an updated hypothesis of the formation history of
Lake on the Mountain, including a discussion of the processes contributing to its formation
and the evidence supporting and contradicting these.
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3) Create a data-driven, predictive karst model for the state of Kentucky, USA, in order to
demonstrate the predictive capabilities of these types of statistical models and their potential
future application to create predictive karst models for southern Ontario.
4) Provide suggestions for improving data collection and investigation for karst landforms in
Ontario in the interest of building a more robust provincial registry of these features that can
be used to build future hazard models, and in ultimately gaining a more thorough
understanding of karst in southern Ontario.
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Chapter 2
Lake on the Mountain Geophysical Investigation

2.1 Introduction
Lake on the Mountain is located in Prince Edward County, Ontario (Figure 8). The
existence of this lake has been a mystery to researchers and locals alike for decades. The 35 m deep
lake is located precipitously close to the edge of a 62 m cliff overlooking the Bay of Quinte. How
the lake has existed at this elevation without draining into the bay below is not known, nor is it
completely understood how the lake originally formed. This study was undertaken to investigate
the mechanism of formation of Lake on the Mountain. The current hypothesis is that the lake was
formed by a large sinkhole collapse, though there is no substantial evidence to support this claim.
The objective of this project is to provide validation to support a hypothesis of the lake’s formation,
through the collection and analysis of geophysical data, as well as water temperature and
conductivity measurements.
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Figure 8: Location map of Lake on the Mountain. The lake is highlighted in red, located in
the northeastern part of the Prince Edward peninsula of Lake Ontario.
An oblique aerial view of Lake on the Mountain is shown below (Figure 9),
demonstrating the difference in elevation between the lake and Lake Ontario’s Bay of Quinte
below. Lake on the Mountain is approximately 1 kilometer in diameter, with the distance between
the edge of the lake and the cliff being less than 100 m.
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Figure 9: Oblique aerial photograph of Lake on the Mountain, with the elevations of Lake
on the Mountain (above) and Lake Ontario (below) shown in metres above mean sea level
(AMSL).
A cross-sectional diagram has been generated using a number of available sources of
data, and is shown in Figure 10.
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Figure 10: Cross-sectional view of Lake on the Mountain, with the section line bisecting the
lake at an azimuth of 030. Elevation data was sourced from Google Earth, approximate
bathymetry from the contours collected by Terasmae and Mirynech (1964), and the
approximate contact between the Lindsay and Verulam formations projected from the
elevation of contacts on the OGS geological map of the Belleville-Wellington area (Carson
1981).
2.1.1 Background
Lake on the Mountain receives some surface drainage from two small streams. These
streams are fed by a wetland area to the southwest. The approximate catchment area of the lake
was computed using the Canadian Digital Elevation Model (CDEM) produced by Natural
Resources Canada (2013), and using Esri ArcMap Hydrology tools (Figure 11).
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Figure 11: Approximate catchment area of Lake on the Mountain, as computed by ArcMap
Hydrology tools using surface elevation from the CDEM as input. CDEM values are in metres
(Natural Resources Canada 2013).
The catchment area is 4.096 km2, which is approximately 4 times larger than the extent of
the lake itself. There is also an outflow channel at the north end of the lake that spills over the
cliff towards the Bay of Quinte, however this is a manmade feature. The lake level was artificially
raised by approximately 3 m at some point during the 19th century after the construction of a
retaining wall (Terasmae & Mirynech 1964). This was done so that the lake outflow could be
used to power the Glenora gristmill, which was at one point located at the base of the cliff among
the visible buildings in Figure 9.
The bedrock which hosts the lake basin is composed of Ordovician aged carbonates of
the Simcoe Group. The two formations of greatest interest in particular are the Lindsay and
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Verulam Formations (Armstrong & Dodge 2007). The Lindsay Formation is the younger of the
two and composes the bedrock visible at surface around the rim of the lake. It is composed
predominantly of fossiliferous, commonly nodular argillaceous limestone (Armstrong & Dodge
2007). It overlies the Verulam Formation, which is composed of interbedded bioclastic to very
fine grained limestone and green calcareous shales (Armstrong & Dodge 2007). These strata dip
shallowly to the south (Armstrong & Dodge 2007; Mcfall 1993). It is likely, based on the
positioning and elevation of contacts on the geological map, that the contact between the two
formations actually passes through the lake (Armstrong & Dodge 2007; Carson 1981). A
stratigraphic section highlighting the Ordovician Simcoe Group can be found in Figure 12, while
a complete stratigraphic section of southern Ontario can be found in Appendix A.
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Figure 12: Stratigraphic section of the Ordovician Simcoe Group (Adapted from McFall,
1993).
2.1.2 Previous Work
A structural investigation of the Prince Edward County area published in by McFall (1993)
presents the structural trend of fault systems in the area. The dominant trend is approximately 0200,
along the orientation of the Picton Fault which is located to the west of Lake on the Mountain.
However, meso-scale fault systems were also identified, with a set of normal faults that trends
approximately 120-1350 (Mcfall 1993). Another study has presented the results of numerous joint
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measurements across eastern PEC, identifying 5 distinct joint sets (Mitchell 2007). The most
dominant set is sub-horizontal, in addition to 4 sub-vertical sets striking at 70-90, 20-50, 160-170,
and 110-130 in order of decreasing dominance (Mitchell 2007).
The most recent work conducted at Lake on the Mountain was Terasmae and Mirynech
(1964). In this study they conducted sediment drilling and echosounding in order to determine
whether it was possible that the lake was formed as an erosional feature from glacial meltwater.
The previous hypothesis had postulated that there could be a till plug that sealed the lake off from
the re-entrant valley to the northwest that runs down towards the Glenora ferry. This valley would
be the supposed channel that the meltwater would have created as it flowed down to a lower level
below the escarpment. The sediment cores from the northwest area of the lake show no evidence
of a till plug, and in fact show that the lake is rimmed almost entirely by bedrock. They concluded
that it was likely that the lake was formed by a sinkhole. They also postulated that the lake was
mostly groundwater-fed and that the flow was sourced from the wetland to the southwest, hosted
in bedrock fractures (Terasmae & Mirynech 1964). Their echosoundings collected in 1961-1962
were used to create a contour map, seen in Figure 13 below.
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Figure 13: Lake on the Mountain bathymetry contours based on 1964 echosounding data
(Terasmae and Mirynech 1964).
There is a distinct basin very close to the southwestern shore of the lake, and that this
feature is steep sided and extends in a general northwest-southeast orientation. The accuracy of
these contours is somewhat questionable as the density and distribution of depth soundings was
not published.
In addition to the bathymetry contours, sediment cores were also collected with a truck
mounted Boyles Model 1A soil testing rig. The location of the five acquired sediment cores are
visible on the contour plot in Figure 13. Four were drilled around the edge of the lake and only
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one was drilled in the deep lake basin. This deep basin sediment core is also the only one
published in detail, Figure 14.

Figure 14: Sediment core from the deep lake basin in southwestern Lake on the Mountain
(Terasmae & Mirynech 1964).
It can be observed that there appears to be approximately 7m of lake bottom sediment,
composed mostly of gyttja with some varved clays directly above the bedrock. What is
noteworthy is the lack of glacial till present in this core, while the cores surrounding the edge of
the lake all have several feet of till above the limestone bedrock. Terasmae and Mirynech (1964)
concluded that Lake on the Mountain predated the last glaciation due to the presence of glacial till
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covering the bedrock floor, which would indicate that the basin must have been formed prior to
the deposition of glacial sediments. However, the four sediment cores taken near shore are the
only ones that show the presence of till, and these are above or very close to the lower lake level
that existed before the retaining wall construction and subsequent artificial lake level raise. The
single sediment core from the deep lake basin would appear to contradict this conclusion as they
have presented it, as the varved clay that they show immediately covering the bedrock is not till.
It is more likely composed of post-glacial lake sediments composed primarily of clay and forming
a varved structure due to seasonal deposition. If these are the first sediments present in the
sediment record of the lake, this would indicate that the lake instead formed concurrent to or
subsequent to the last major glacial advance. However, these conclusions are only based on a
single sediment core and therefore more cores would be required to truly validate such a
hypothesis. In the Geological Survey of Canada field summary for 1964, mention is made of
Terasmae and Mirynech’s (1964) work at Lake on the Mountain. Jenness (1964) is of the opinion
based on the collected sediment cores that the lake actually formed after the Iroquois and
Frontenac post-glacial lake stages but prior to the present stage, though no further justification is
provided.

2.2 Geophysical Investigation
It was proposed that a geophysical investigation would be undertaken in order to further
explore the lake bottom and groundwater activity at Lake on the Mountain. Due to the lack of
data quality in terms of depth sounding point density, it was proposed that a more spatially
detailed bathymetric image of the lake bottom would be desirable. Ground penetrating radar
(GPR) and acoustic Sub-Bottom Profiler (SBP) instruments were selected, as these would allow
for very data rich profiles of lake depth while also potentially imaging sediment and bedrock
interfaces below the lake bottom surface. This would allow for more detailed analysis of the lake
bottom structure than conventional echo sounding data.
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A groundwater investigation was also performed using a combination of geophysical
techniques as well as lake temperature and conductivity measurements. This investigation was
undertaken in order to investigate the groundwater interaction with the lake and to determine
whether the location of groundwater conduits into the lake could be mapped.
2.2.1 Groundwater Investigation
The groundwater investigation at Lake on the Mountain was undertaken in two parts: an
electromagnetic survey to explore for discrete groundwater channels, and a temperature and
electrical conductivity survey of the lake in order to investigate lake stratification.

Electromagnetic Survey
The electromagnetic survey was performed in the fall of 2014. This survey was
conducted as part of an undergraduate geophysics research project and its purpose was to
delineate any discrete groundwater channels that flow into the lake from the wetland directly to
the southwest. As the local groundwater is understood to be hosted in fractures in the limestone
bedrock, it was hypothesized that discrete fracture controlled groundwater conduits could be a
significant contributor to the lake’s recharge. This hypothesis was also presented by Terasmae
and Mirynech (1964). These groundwater conduits would be expected to have a higher electrical
conductivity than the surrounding bedrock. In this case, an electromagnetic survey could be used
to explore for these conduits. (Golding et al. 2014)
A combination of frequency domain electromagnetic instruments were used for this
survey. This method uses the principles of electromagnetic induction in order to measure
conductivity in the subsurface. Generally, these instruments have a separate transmitter and
receiver. The transmitter drives alternating current through a coil, generating an alternating
magnetic field. This is referred to as the primary field. This magnetic field interacts with
subsurface materials such as sediments, rocks, and groundwater. This produces eddy currents in
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these subsurface materials which in turn generate their own magnetic field, referred to as the
secondary field. The receiver of the instrument measures the measured magnetic field, which is
the combination of the primary and secondary fields. Since the primary field strength and
frequency is known, the secondary field may be determined by measuring the phase shift in the
measured magnetic field. Typically, these instruments return two separate readings: the
component of the secondary field that is in-phase with the primary field, and the component that
is 90⁰ out of phase with the primary field. These are referred to as the In-Phase and the Out-ofPhase components respectively. The Out-of-Phase component is directly related to the apparent
conductivity of the subsurface, while the In-Phase component responds strongly to highly
conductive bodies or sharp contrasts in conductivity (Telford et al. 1990).
Both a Geonics EM-31 and an Apex Max-Min Horizontal Loop Electromagnetic (HLEM)
instrument were used as part of this survey. EM-31 data was collected in three lines along the
western shore of the lake, while the Max-Min data was collected along a much longer profile
covering most of the southwestern and southern lake shore (Golding et al. 2014). Max-Min data
was collected using 3 different frequency channels: 222 Hz, 888 Hz and 1777 Hz, and a coil
separation of 25 m (Golding et al. 2014). Different frequencies were used to target different depths,
as higher frequencies have higher resolution but lower depth penetration (Pettinelli et al. 2004;
Telford et al. 1990). Figure 15 shows the Max-Min 1777 Hz channel survey data.

32

Figure 15: Max-Min HLEM measurements conducted between the wetland to the southwest
and the lake. Measurements units are percentage of primary field, and the 1777 Hz Out-ofPhase component is shown in this profile. Data from Golding et al. (2014).
The results measured in the 1777 Hz Out-of-Phase component show a range of just over
1% of the primary field strength across the entire survey line. The 222 Hz and 888 Hz channels
had even lower variability in measured values. Groundwater conduits would be expected to
appear as large lateral contrasts in apparent conductivity, however no large contrasts are visible in
this data. This suggests that the groundwater channels are either not resolvable or absent from this
area.
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Figure 16: EM-31 data profiles southwest of Lake on the Mountain. Data from Golding et al.
(2014).
While the two northernmost lines of EM-31 data show little variation, there appears to be
2 large conductivity spikes in the centre of the southernmost line. These might be interpreted as
groundwater conduits if not for the anomalously high background values. Even the lowest values
shown in the blue areas of these three lines exceed 285 mS/m, which is far too conductive to
represent bedrock conductivity. Limestone has typical resistivity values on the order of 50 -1000
Ωm, which corresponds to a conductivity range of 1-20 mS/m (Fadhli et al. 2015). Clay
sediments on the other hand have a typical resistivity range of 1- 100 Ωm, which corresponds to a
conductivity range of 10-1000 mS/m (Fadhli et al. 2015). It seems probable that there is a large
contribution of overburden conductivity to these readings.
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The Ontario Ministry of the Environment and Climate Change (MOECC) has compiled a
database of water well records across the province, which is freely available online (Ontario
Ministry of the Environment and Climate Change 2016). The area surrounding Lake on the
Mountain is not heavily populated, however there are some well records for the houses along the
northwestern shore of the lake. These well records show a range of 1-3 m of glacial till at surface
above the Lindsay Formation bedrock. This is supported by the lake perimeter sediment cores
collected by Terasmae and Mirynech (1964), which show similar findings.
The EM-31 has a maximum depth of exploration of 6 m, however this refers mainly to its
ability to detect buried metal objects (McNeill 1980). When used to measure apparent
conductivity, the instrument measures a weighted average of subsurface conductivities and is
most sensitive to subsurface depths of 1-2 m (McNeill 1980). Additionally, highly conductive
layers near surface may affect the instrument’s ability to detect deeper structures as higher
conductivity materials increase signal attenuation (Pettinelli et al. 2004; Telford et al. 1990).
The anomalously high signal shown in the southernmost EM-31 profile in Figure 16 is
likely from a more water-saturated area of clay-rich glacial till overburden, which seems plausible
as this line crosses a depression which could have more sediment accumulation. Since even the
lowest values measured with the EM-31 show conductivity far too high to be attributed to
bedrock, it is likely that in all of these profiles what is being measured is actually the overburden
conductivity with variations in moisture content. It is possible that there is some bedrock
contribution to these measurements, however there is not enough evidence from these profiles to
indicate that groundwater conduits have been detected.
On the other hand, the Max-Min is sensitive to depths of approximately half the coil
spacing (Scott 2014), though this also depends on signal frequency and subsurface electrical
properties. Therefore, if the overburden was too conductive and too thick for the EM-31 to
reliably penetrate, the Max-Min should be able to detect bedrock features beneath the overburden
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as it should be sensitive to depths on the order of 12-13 m for this survey. However, the minimal
variation across the entire Max-Min survey line shows that there is very little lateral conductivity
variation this area, which means that no groundwater channels were detected. This absence could
indicate that discrete groundwater channels are not a major source of water feeding the lake. It is
also possible that the groundwater conduits are present at a depth greater than that which is
resolvable by the EM instruments, or that the discrete fracture channels are too small and
dispersed to generate a significant variation in the measured subsurface apparent conductivity.

Water Temperature and Electrical Conductivity
In addition to the electromagnetic survey along the lake shore, water temperature and
electrical conductivity measurements were collected from the lake using a YSI 650 multimeter
system with a YSI 600R sonde. This instrument is able to automatically log data at discrete time
intervals, recording both electrical conductivity and temperature measurements simultaneously
through the submerged sonde. The instrument also houses a barometer and the measured water
pressure is converted to an estimated measurement depth and recorded as well (YSI Inc. 2001).
Six depth soundings were taken in the deep southwestern region of the lake, the locations
of which are shown in Figure 17. The measured conductivity can be seen plotted against depth in
Figure 18. The instrument resolution and accuracy for each measurement type can be found in
Table 1.
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Table 1: Resolution and accuracy specifications for YSI 600R sonde (YSI Inc. 2011).
Measurement Type

Resolution

Accuracy

Conductivity

0.001 mS/m

± 0.5% of reading + 0.001 mS/cm

Temperature

0.01 ⁰C

± 0.15°C

Depth (0 - 9.1 m)

0.001 m

± 0.018 m

Depth (9.1 – 61 m)

0.001 m

± 0.12 m

Figure 17: Locations of the sixth temperature and conductivity depth soundings conducted
at Lake on the Mountain.
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LOTM Conductivity vs. Depth
Conductivity (mS/cm)

-5
0.15

0.17

0.19

0.21

0.23

0.25

0.27

0.29

0.31

0.33

0
DS1

Depth (m)

5

DS2
DS3

10

DS4
15

DS5
DS6

20
25
30

Figure 18: Conductivity measurements plotted vs depth. Different colours correspond to
separate vertical depth sounding locations. Data was collected on July 24th, 2015.
The six depth sounding logs are very consistent with one another. The horizontal drift at
the end of each data profile shows where the sensor made contact with the lake bottom, and the
increased conductivity is from the lake bottom mud. It can be observed that the conductivity shows
a very abrupt jump beginning at a depth of approximately 6 m and levelling off around 9 m, and
this jump is repeated consistently across all of the depth soundings. A similar response can be seen
in the temperature measurements (Figure 19).
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Electrical Conductivity and Temperature Variations
with Depth
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Figure 19: Conductivity (top x-axis) and temperature (bottom x-axis) both plotted against
depth. Note that the temperature scale is reversed. Data was collected on July 24th, 2015.
The temperature measurements show the same distinct jump, again beginning at a depth
of approximately 6 m but terminating slightly deeper at approximately 12 m. This jump is also
repeated across all six depth sounding locations. This is the thermocline that develops during the
summer months and is particularly strongly developed here because of the size and shape of the
deep, steep sided lake basin (Gorham & Boyce 1989).
This relationship between temperature, conductivity, and depth demonstrates that the lake
is very strongly stratified in temperature and salinity, with the thermocline occurring approximately
6-9 m below surface. This stratification of the water is a seasonal process dependent on temperature
changes (Gorham & Boyce 1989). A previous study listed Lake on the Mountain as a lake that was
likely to be at least partially meromictic (Stewart et al. 2009), meaning that the deepest parts of its
lake basin never undergo mixing. However, the conductivity does not seem to be particularly high
for a meromictic lake, and in fact the conductivity values do not differ much from those of Lake
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Ontario (Doherty 1963). This seems to suggest that there is some amount of groundwater exchange
occurring, otherwise the continuous accumulation of solutes would result in far higher conductivity
closer to the lake bottom. Though the lake level remains very consistent, it is possible that there is
some drainage down to the lower Lake Ontario water level, with the losses being maintained by
groundwater influx from the wetland to the southwest. This balanced in- and outflux could explain
the low solute concentrations in the lake for what appears to be a trapped basin.

2.2.2 Bathymetric Investigation
This section of data collection focuses on imaging the depth and structure of the lake
bottom. Ground Penetrating Radar (GPR) and Sub-Bottom Profiling (SBP) methods were both
employed in order to measure the lake bottom response to electromagnetic and acoustic methods.

Ground Penetrating Radar
GPR uses electromagnetic pulses in order to generate an image of the subsurface. It
works along similar principles to seismic and acoustic methods in that it uses the estimated wave
velocity of the subsurface medium as well as the elapsed time between a signal pulse and a
measured reflection in order to calculate the depth of subsurface reflectors. In this case, the
reflectors that are being imaged are contrasts in dielectric permittivity, which is an electric
material property. The depth of penetration that this method can achieve is dependent primarily
on signal frequency and strength, as well as the conductivity of subsurface materials. Signal
resolvability with depth is usually lost due to signal attenuation, which results in the received
signal losing energy and becoming too weak to distinguish above background noise level. Signal
attenuation is a function of subsurface electrical conductivity, where materials with a higher
conductivity exhibit stronger attenuation. Higher frequencies also attenuate more than lower
frequencies, though the level of imaging resolution decreases with lower frequencies.
It was anticipated that the GPR would be able to provide some imaging ability of the lake bottom
as well as potentially the bedrock structure (Lin et al. 2009). GPR has been successfully used in
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past studies for ice sheet investigations and is known to have the potential to image great depths
through solid ice (Jezek et al. 1994). It has limited depth penetration through saline water, though
the potential depth penetration through fresh water is dependent on the amount of dissolved
solids, as an increasing count of ions in the water increases conductivity. To this end, it was
proposed that this method had the potential to image through the ice and to an unknown depth in
the water column, but some ability to resolve lake bottom features was expected.
The GPR survey was conducted from the frozen lake surface on March 18th, 2015. Two
separate GPR units were employed, a Malå ProEx with a 100 MHz shielded antenna, and a Sensors
& Software PulseEkko with an unshielded 50 MHz antenna. The unshielded antenna results in a
more sensitive instrument, which is also more senstive to noise. However, most noise in this
frequency range is from electronics and overhead powerlines, which were absent from the field
site. The 50 MHz PulseEkko also had a more powerful transmitter, so with a lower frequency
signal, greater signal strength and an unshielded antenna with minimal noise sources, the PulseEkko
was expected to have a greater depth penetration than the Malå. However, the Malå also had
advantages in that it was more compact, was able to record more data points and generate a denser
dataset, and had more onboard visualization capabilities than the PulseEkko.
The Malå data was collected in 2 profiles, one crossing the lake and one returning. These
are each split into two separate lines as the instrument maximum file size was not large enough to
accommodate the entire profile. The line GPS locations are shown in Figure 20 and a profile of
GPR Line 1 data can be observed in Figure 21. Automatic gain control has been applied to the GPR
profiles and a smoothing filter has also been used to help interpolate across dead traces. This filter
averaged values using a moving 5 ns time window 10 traces wide.
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Figure 20: Lake on the Mountain GPR profile line locations.
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Figure 21: Malå GPR Line 1 data from northeastern shore area of Lake on the Mountain.
The green line represents the sediment interface, at a depth of approximately 3 m in this
figure. The reflectors below this line are interpreted as sub-bottom structure.
In the shallow areas of the lake, the Malå data does show the bathymetry and some subbottom structure. Unfortunately, below a water depth of approximately 5 m, the signal return is
no longer resolved (GPR Line 2, Figure 22). This is due to attenuation of the GPR signal in the
water column. The data coverage of the lake area is also poor due to adverse ice conditions and
issues with cold weather battery life.
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Figure 22: GPR profile showing the loss of signal resolvability approximately 150 m from
the beginning of Line 2. At a depth of approximately 5 m, the lake bottom drops off steeply
and beyond this point the GPR signal strength is not sufficient to be resolvable.
Due to instrument issues, the data from the PulseEkko was not usable. This is unfortunate
as this instrument has a significantly more powerful transmitter and has a lower frequency antenna.
These are both characteristics that would limit signal attenuation and possibly greater signal
penetration in the deeper areas of the lake. It is possible that returning with an instrument of this
kind could allow for a detailed radar investigation of the lake bottom.

Sub-Bottom Acoustic Profiling
The SBP survey was performed on November 2nd, 2015 using a Knudsen Pinger
Echosounder with a dual channel transmitter. This instrument is very similar to a SONAR system,
generating acoustic sound waves and recording the time it takes for them to return. With a known
acoustic velocity of the medium between the instrument and the target (in this case water) and the
recorded two-way travel time, a depth to a target may be determined. Due to the lower frequency
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and higher signal strength, this instrument has an advantage over a typical SONAR system in that
its acoustic signal is able to penetrate the water-sediment interface and return reflections from
deeper targets, which allows for the internal sedimentary structure and bedrock surface to be
imaged as well (Knudsen Engineering 2013; Lin et al. 2009).
The 14 kHz and 200 kHz channels were both employed, and the collected datasets were
used to acquire a detailed image of the lake’s bathymetry and sub-bottom sedimentary structure.
The 200 kHz channel was particularly useful in extracting the bathymetry of the lake. The higher
frequency signal reflects very strongly off of the first major acoustic boundary, which is the watersediment interface at the bottom of the water column. The 14 kHz signal is able to penetrate past
this interface and reflect off of the sub-bottom sediment layers as deep as the bedrock surface,
which has been resolved as deep as 40 m below surface. For this survey, the low frequency channel
was set to a 2 ms sweep across its 10 kHz band centered at 14.1 kHz.
The SBP instrument is able to record its acoustic data in SEGY format, which is a data
format developed by the Society of Exploration Geophysicists (SEG) that is typically used for
seismic data (SEG Technical Standards Committee 2001). For each signal pulse, it measures the
amplitude of the returning acoustic waveform at discrete time intervals. The sampling rates for the
two channels are different, with the 200 kHz channel and 14 kHz channel employing sampling
intervals of 14 µs and 21µs, respectively. This series of stored amplitudes is referred to as a trace,
and is a record of the signal response for an individual pulse. Each trace is stored with a trace header
that includes its GPS location, the time it was recorded, its trace number for that specific profile,
and a number of other items of metadata. By viewing the trace waveforms side by side for a given
profile, we can view an image of the lake bottom structure along the path that the profile was
recorded, and reflectors that are coherent across a number of traces can be interpreted as specific
structural horizons.
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The survey was conducted from a platform mounted on two canoes. The instrument
antenna, which must be submerged, weighs 21 kg. This means that it is not possible to perform the
survey with a single canoe, as the canoe would tip. The canoe platform setup can be observed in
Figure 23 below, while the instrument transducer itself is shown in Figure 24.

Figure 23: Queen's University PEARL researchers setting up the canoe platform at Lake on
the Mountain. Pictured left to right: Guy-Thierry Tenkouano, Graham Mushet and Dr.
Brian Cumming.
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Figure 24: Knudsen Pinger device. This is the echosounder transducer that is pole-mounted
and submerged over the side of the boat in order to emit acoustic pulses into the water.

Due to winds and lack of maneuverability, a regularly spaced grid was not possible
during the time frame available for the echosounding survey, although this would have resulted in
the most robust data coverage. For this reason, the alternative approach was to collect multiple
lake transects at various angles across the lake, in an attempt to focus most of the line
intersections over the deep southwestern section of the lake. In total, over 65000 traces were
collected across the survey transects by each of the 200 kHz and 14 kHz channels. The GPS
tracks from each of the SBP profiles that were collected can be observed in Figure 25.

47

Figure 25: GPS Tracks of the 8 SBP profiles collected at Lake on the Mountain.
The profiles are not uniform in length, as a new profile was generated every time that
data collection resumed after the instrument was powered down. In addition, some profiles
contain data collected along multiple headings. As the individual traces are each GPS-referenced,
it was not deemed necessary to initiate a new profile before turning the platform to commence a
new transect of the lake. Each SBP data profile is titled with the 4-digit timestamp of the 24-hour
clock time at which it was initiated. An example of the SBP data from Line 1133 is shown below,
with the 200 kHz data channel in Figure 26 and the 14 kHz channel in Figure 27, imaged in
SEGYJP2 software, a program developed by Natural Resources Canada (Courtney 2009). These
profiles show the data as it is exported from the instrument, with only the contrast levels
modified. The location of this approximately 250 m section of Line 1133 is highlighted in red in
the top right corner of both figures.
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Figure 26: Echosounding data from Line 1133, showing a segment of the 200 kHz channel
over the deep basin of Lake on the Mountain. Distinct signal response recorded from the
water-sediment interface.
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Figure 27: Echosounding data from Line 1133, showing a segment of the 14 kHz channel
from the same location as Figure 26.

The sediment interface at can be clearly observed in both the 200 kHz and 14kHz
channels, while the internal sediment structure and bedrock interface can only be identified from
the 14 kHz signal. The sediments are thickest in the deep bedrock basin at the southern end of the
lake, and here they consist of two distinct layers. The uppermost layer is defined by very well
defined sediment stratification which corresponds to laminated lake sediments. The lower
sediment layer demonstrated less stratification and shows multiple diffraction hyperbolae hosted
within it. This layer is interpreted to be composed of glaciolacustrine silt and clay sediments,
while the diffraction hyperbolae possibly corresponding to boulders or limestone blocks within
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these sediment layers. These layers are highlighted in Figure 28.

Figure 28: Interpretation of sub-bottom structures, with highlighted upper interfaces. In
blue the lacustrine laminated sediments, or gyttja, are depicted. In orange are the less
stratified glaciolacustrine sediments with highlighted diffraction hyperbolae. Green denotes
the bedrock surface, with the green arrows highlighting sub-bedrock vertical structures.
The profile is oriented with northeast to the right.

The bedrock interface is clearly distinguished below these sediment layers and some subbedrock structure is also observed. This is somewhat unexpected, as the impedance contrast of the
bedrock with respect to the overlying sediment would be expected to prohibit any coherent deeper
reflectors from being imaged since very little energy would return to the sensor. However,
discrete vertical structures are visible in multiple profiles across the deep bedrock basin.
These are interpreted to be solutionally enlarged fractures, analogous to clint and grike structures
that can be observed in epikarst environments (Brunton & Dodge 2008a; May & Brackman
2014). An example what these would look like at surface can be observed in Figure 29.
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Figure 29: Clint and grike epikarst features. Grikes are the solutionally enlarged fractures
while clints refer to the blocks of rock between them (May & Brackman 2014).

These enlarged karst fissures would be expected to be found at the bottom of a solution
sinkhole (Ford & Williams 1989; Waltham et al. 2005). This interpretation of these structures is
the first direct supporting evidence of karst processes at Lake on the Mountain and demonstrates
plausible conduits along which karst dissolution could have formed the lake basin. These can also
be seen in lines 1000 and 1333, in Figure 30 and Figure 31, respectively. Larger figures of the
lake basin transects in the 14 kHz data can be found in Appendix B.

52

Figure 30: SBP image of line 1000, with vertical bedrock karst structures visible. North is to
the left in this figure.
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Figure 31: SBP image of line 1333, with visible bedrock karst structures visible. North is to
the right in this figure.

In addition to the vertical fractures, there are also visible diffraction hyperbolae in some
of the SBP profiles. These hyperbolae are signatures that are the result of discontinuous objects
such as rocks. These could also be supporting evidence of a sinkhole collapse, as some amount of
debris from subsidence or collapse of karst cavities should be visible in the lake basin. Examples
of these hyperbolae are outlined in Figure 28.
This is not the first study to identify these type of karst structures using geophysical
methods. May and Brackman (2014) identified similar vertical bedrock structures in their
geophysical investigation of a karst landscape in Kentucky. They used Refraction Microtremor
(ReMi) seismic and resistivity surveys, and in both methods encountered these buried epikarst
features. In the ReMi survey they were visible as blocks of high velocity intact bedrock separated
by vertical low velocity discontinuities that occurred above a known karst cavity. In the resistivity
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survey they were similarly visible as high resistivity blocks separated by low resistivity
discontinuities. May and Brackman (2014) interpreted these to be potential clint and grike
features.

Figure 32: ReMi seismic and resistivity images showing clint and grike karst features.
In a GPR survey of a karst terrain in France, Al-fares et al. (2002) were also able to
identify a vertical karst conduit into a subsurface cavern. This karst conduit is clearly visible in
their GPR profile, presented in Figure 33. This structure is very similar to those visible in the SBP
images from Lake on the Mountain.
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Figure 33: GPR image of a karst conduit into a subterranean cave. Upper scale is in metres
along survey line. (Modified from Al-fares et al. 2002)
In addition to interpreting bedrock structures across individual SBP images, the entire
dataset was compiled in order to generate contour maps of the lake bathymetry and bedrock
depths. The depth horizons were picked using SEGYJP2 (Courtney 2009). In this program,
SEGY files can be uploaded and horizons and markers can be drawn onto the image. This data
can then be extracted to more versatile shapefile formats, which store a 3D point for each trace
along the horizon. A screen capture of this program with a horizon shown for one of the SBP
profiles can be seen in Figure 34.
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Figure 34: SEGYJP2 Viewer window, showing 14 kHz SBP image from line 1123 with the
bedrock interface horizon drawn over the image in red. Northeast is to the left, and southwest
is to the right.
Compiling all of the points from every trace along every SBP profile collected allows for
the generation of contour maps of the lake bottom, in both depth to water-sediment interface (Figure
35, with SBP profile tracks overlain in Figure 36) and depth to bedrock surface (Figure 37).

57

Figure 35: Lake on the Mountain bathymetry contours from interpolated echosounding data.
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Figure 36: The same bathymetry contours as in Figure 35, with the echosounding tracks
overlain in red.
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Figure 37: Lake on the Mountain sub-bottom bedrock depth contours, computed from 14
kHz channel of the echosounder.
The contours were constructed using a simple linear interpolation so there are visible
artifacts of this interpolation in the data. This is due to the incomplete coverage of SBP data,
however the data coverage is adequate for the purpose of these approximate contour maps. It can
be observed that the deep bedrock channel is narrower and more elongated than it appears in the
1964 bathymetry contours (Figure 13). The orientation of this trench also follows the same trend
as a secondary set of meso-scale faults observed in the PEC area (Mcfall 1993), as well as one of
the regional joint sets (Mitchell 2007). This would support the possibility that pre-existing
structures had an influence on the lake basin development

60

Figure 38: Bedrock depth contours from Figure 37 showing the approximate strike of the
bedrock basin at 130o.
From the two interface depths in Figure 35 and Figure 37, a map of total sediment
thickness can be computed by subtraction, which shows the areas of increased sediment
accumulation (Figure 39).
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Figure 39: Total sediment accumulation computed from the bathymetry and bedrock
depths.

2.3 Conclusion
The geophysical investigation undertaken at Lake on the Mountain has yielded insights
into the groundwater behavior and formational history of the lake. Despite previous claims that
the lake is recharged by bedrock fracture-hosted groundwater conduits that are sourced from the
wetlands to the southwest (Terasmae & Mirynech 1964), an EM survey across the southwest
margin of the lake was unable to identify any discrete groundwater conduits. In addition,
temperature and conductivity measurements conducted during the summer months identified a
very distinct thermocline and showed that the salinity is similarly stratified. This is not
unexpected for a lake of this shape and size, however it does indicate that limited mixing in the
water column is taking place. A more detailed groundwater investigation will be required before
the interaction of ground and surface water at Lake on the Mountain is completely understood.
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The lake bottom structure was also investigated with both GPR and echo-sounding
methods. The GPR was not able to achieve the necessary depth penetration through the water
column in order to be useful for evaluating the lake bottom structure. The echosounder was able to
resolve the lake bottom sediment interface, as well as internal sediment structure and bedrock
depth. Bedrock structures were identified that appear to be distinct karst features. These kinds of
karst features have been identified in previous studies using geophysical techniques and appear to
support the hypothesis of karst development at Lake on the Mountain. The measurements acquired
through this survey have also revealed that the deep basin at the southwest margin of the lake is
more elongated and narrow than was previously observed in the previous echosounding contours
(Figure 13) and the bedrock surface shows that its sides are even steeper. The trend of this trench
lines up with a previously identified set of normal faults in the PEC area, which presents the
possibility the Lake on the Mountain is overlying a fault zone. This could also support the sinkhole
hypothesis.

63

Chapter 3
Lake on the Mountain Proposed Sinkhole Mechanism

3.1 Explanation of Sinkhole Hypothesis
The results of the geophysical investigation suggest that Lake on the Mountain was
formed by a solution sinkhole associated with karst development along pre-existing bedrock
fractures related to fault or joint structures. It is hypothesized that the karst development would
have been concurrent to the most recent ice sheet advance, which was during the Late
Wisconsinan.
The first structural development of this process would have been the generation of a
series of northwest-southeast trending normal faults in the PEC region. These faults are believed
to have been associated with the Ottawa-Bonnechere Graben (Mcfall 1993). This graben formed
during the late Proterozoic to early Paleozoic eras, which would predate the deposition and
lithification of the sedimentary rocks in the PEC area. However, this structure is understood to
have been reactivated during the breakup of the supercontinent Pangea around approximately 150
Ma. It is during this reactivation that it is believed these associated normal faults would have
formed (Mcfall 1993). As these faults follow the same trend as the lake basin, it is possible that
there is a fault associated with Lake on the Mountain. However, this is also a similar orientation
to one of the regional joint sets (Mitchell 2007), so this structural association can also be
explained without a fault.
Faults and pre-existing subsurface fractures are often the nucleation points of karst
development as they increase the surface area available for carbonate dissolution and allow
additional fluid flow pathways (Ford & Williams 1989; Perrin et al. 2011; Thrailkill et al. 1991;
White 1988). Karst development at the future Lake on the Mountain site would likely have begun
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along pre-existing fractures or possibly a fault, enlarging of fractures via wall rock dissolution.
Dissolution requires water movement along these fractures, as a karst feature of this size requires
the mobilization of a large amount of dissolved carbonate. This could be explained by a potential
groundwater conduit to the lower elevation Lake Ontario basin. As the Lake Ontario basin was
carved during the most recent glaciation (Chapman & Putnam 1984), it seems plausible that
meltwater would have travelled through these fractures during glacial melting episodes during of
the Late Wisconsinan in order to reach a lower elevation. This melting could have been a
significant source of water and driver of dissolution along these fractures.
As dissolution progressed cavities and enlarged fractures would have developed and
caused subsidence in the overlying rock. Due to the character of the bedrock that has been imaged
at the bottom of the lake, it is not proposed that a large cavity would have developed and
collapsed as in a cover-collapse sinkhole, but rather that a slower process of bedrock surface
subsidence from the dissolution of the underlying fractured bedrock. This process is known as a
solution sinkhole and a cross sectional diagram and description of this type of sinkhole can be
found in Figure 1.
In a solution sinkhole, the development of smaller cavities and enlarging of fractures
along the groundwater conduits results in a slower crumbling of the bedrock rather than a sudden
collapse. The crumbling and fracturing of the bedrock generates increased secondary porosity,
which results in increased surface area available to the dissolving activity of water. The end result
is a depression in the bedrock in the shape of a basin, with enlarged fractures at the bottom of the
basin and some minor collapse breccia present (Ford & Williams 1989; Waltham et al. 2005).
If this is the mechanism that created Lake on the Mountain, then an additional
explanation is required as to how the lake exists at its current elevation without draining into Lake
Ontario. If there was a groundwater link between the two lakes, then it stands to reason that the
water from Lake on the Mountain would have found its way to the lower Lake Ontario elevation
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by way of these conduits. The proposed explanation for this phenomenon is twofold: i) the
deposition of post-Wisconsinan glaciolacustrine clays filling in the lake bottom karst conduits and
ii) the lack of available glacial meltwater after the final retreat of the Laurentide ice sheet. During
the recession of the Laurentide ice sheet, the basin of what is now Lake Ontario was uncovered
and filled with meltwater, creating Glacial Lake Iroquois. According to Dyke (2004), this would
have occurred at some point between 12.5 ka and 12 ka, however due to the repeated minor readvances of the Huron-Erie ice lobe it is possible that this area was uncovered and recovered
multiple times. When Lake on the Mountain was uncovered, ice further north would still block
the St Lawrence channel for some time, preventing Lake Iroquois from draining into the Atlantic
Ocean. As a result, the lake level of Glacial Lake Iroquois was much higher than present day
Lake Ontario, and PEC was in fact submerged under a considerable depth of water (Gadd 1980;
Terasmae & Mirynech 1964). During this lake phase, it is proposed that the deposition of
glaciolacustrine clays would have blanketed the bottom of Lake on the Mountain, sealing off the
remaining karst conduits. This proposition is in fact supported by Terasmae and Mirynech’s
(1964) sediment cores, which show varved clay and silty clay as the first sediment horizons above
the bedrock in the deep bedrock basin of Lake on the Mountain. Those sediments would be
consistent with this interpretation as glaciolacustrine sediments would be expected to have a
varved structure (Shaw & Archer 1978).
The unblocking of the St. Lawrence channel then resulted in the lowering of the water
level in Glacial Lake Iroquois, reaching a level lower than present day Lake Ontario known as the
Admiralty Lake phase (Chapman & Putnam 1984). When Glacial Lake Iroquois retreated, water
would have been trapped in the elevated lake basin at Lake on the Mountain where precipitation
and surface flow would have maintained the water level to the present day. Melt water and
loading changes were both no longer available and the altered hydrological conditions no longer
favored karst development.
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3.2 Supporting Evidence
3.2.1 Glacial Influence on Karst Development
It is difficult to understand the extent to which karst development could have occurred in
the PEC area prior to the Late Wisconsinan ice sheet advances. As karst is mostly a surficial
process, most near surface karst systems that existed before this event would have been eroded
away leaving no trace. However, some caves have survived glacial erosion and the preservation
of some of these systems show that karst development was indeed possible in this area. The
sinkholes and karst windows in Tyendinaga are a good example (Brunton & Dodge 2008b),
which are located approximately 30 km from Lake on the Mountain. These are emplaced in
Bobcaygeon formation carbonates, which underlie the Lindsay and Verulam formations (Mcfall
1993). There are some other smaller cave systems of this kind, including two in PEC (Brunton &
Dodge 2008a), however that which has not been scraped clean by glaciation may have been
buried beneath the glacial drift that covers much of southern Ontario. An OGS map of glacial
drift thickness can be seen in Figure 40. It can be observed that outside of the limestone and
dolostone plain regions described in Figure 5, the drift thickness can be considerable, reaching
hundreds of metres in depth in the large glacial moraine deposits of south-central Ontario.

67

Figure 40: Map of glacial drift thickness in southern Ontario, displayed with hillshade
topography (Armstrong & Dodge 2007).
Glacial meltwater is believed to have played an important role in developing karst at
Lake on the Mountain, however the influence of glacial waters on karst development is a matter
of debate. Glacial water is sometimes considered to be chemically “aggressive” in that it is
typically undersaturated with respect to calcite and is therefore able to actively contribute to karst
dissolution (Brown et al. 1994; Panno et al. 2012). This is also supported by the fact that calcite
displays retrograde solubility, meaning that its saturation point in water increases at lower
temperatures (Andre & Rajaram 2005). However, glacial water is also undersaturated with
respect to CO2, as dissolved CO2 is not readily trapped in ice when water freezes. Despite the
retrograde solubility of calcite, its saturation point in solution is also a function of dissolved CO2
(Ford & Williams 1989; White 1988). Ford (1971) demonstrated that glacial meltwater in alpine
68

glaciers was saturated with respect to calcite at 50-90 mg/L CaCO3 above the tree line, while
below the tree line the saturation point was 100-265 mg/L CaCO3, which was attributed to the
increased uptake of CO2 sourced from organic material. Creek and lake water in the same area
was found to have a saturation point of 100-140 mg/L CaCO3, so Ford concluded that glacial melt
was not particularly aggressive when compared to other waters (Ford 1971). It has been
hypothesized in other studies that glacial meltwater would be able to undergo atmospheric gas
exchange with the environment through subglacial drainage channels as a possible source for CO2
in glacial karst systems (Brown et al. 1994; Zeng et al. 2012). A different mechanism may play a
role in subglacial karst development, and this is the pressure melt at the glaciers base. The
interface where the glacier makes contact with the underlying rocks is under considerable
pressure from the ice loading above it, which causes a thin pressure melt to develop. This melt
has a complex chemistry and could more readily dissolve underlying limestone (Ford & Williams
1989). In addition, surface melt in combination with pressure melt can accumulate in subglacial
closed depressions and develop significant pressure heads unless there are karst channels open to
drain them (Ford & Williams 1989), such as the closed basin and karst conduits that have been
suggested at Lake on the Mountain.
However, the most intriguing suggestion from the literature is the observation that
subglacial and glacier marginal karst landforms are sometimes characterized by sinkholes of
normal form and appearance in “anomalous hydrologic positions” (Ford & Williams 1989). This
would seem to describe Lake on the Mountain very aptly, as it could be considered a fairly typical
form of sinkhole if not for its particular location at the top of a cliff.

3.2.2 Sedimentary Processes
The advance of ice sheets brings with it detrital material that is deposited as glacial till.
This is typically a poorly sorted and heterogeneous soil that contains erratic rock fragments which
may have been transported a great distance (Chapman & Putnam 1984). If the Lake on the
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Mountain basin existed prior to the advance of the most recent ice sheet, it would be expected that
glacial till could be found in the sediment record in the deepest section of the lake. This detrital
material would have been scraped into the basin and settled at its deepest points. However, this is
not what is observed in the sediment cores taken by Terasmae and Mirynech (1964). What is
observed is that glacial till is present in varying thickness around the rim of the lake, while no
visible horizon of till is visible in the deepest part of the lake basin. This is in contrast to the core
taken from Roblin Lake, a short distance away, which shows several metres of till directly above
the bedrock (Figure 41). A bathymetric contour map of Roblin Lake can be observed in Figure
42, and its location is highlighted in Figure 43.
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Figure 41: Sediment core collected from the deep basin of Roblin Lake. Adapted from
Terasmae and Mirynech (1964).
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Figure 42: Roblin Lake contours collected by echosounding. Scale is in feet. Adapted from
Terasmae and Mirynech (1964).
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Figure 43: Map of Prince Edward County with the locations of Roblin Lake and Lake on
the Mountain highlighted.
The similarities in lake basin morphology with the nearby Lake on the Mountain are apparent.
Both have a shallow slope from the northeast culminating in a steep sided, deep lake basin at the
southwestern end of the lake. From the sediment cores collected at these two lakes (Figure 14 and
Figure 41), it even appears that they have approximately the same depth to bedrock, with the
bathymetric difference being explained by the much larger sediment depth at Roblin Lake. The
deepest organic material in the sediment core was radiocarbon dated to 7620 ± 170 years. This is
underlain by a sequence of what appears to be varved glaciolacustrine sediments interbedded with
coarser material, and finally several feet of till immediately above bedrock. It is possible that the
coarse sediment horizons reflect differences in meltwater sediment load from the retreating ice
sheet, or possibly that this sediment record has recorded several phases of ice sheet re-advance.
However, it is apparent that the first sediments deposited in Roblin Lake after the lake basin
formed were glacial till, indicating that it could be pre-glacial. It seems possible that Roblin Lake
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could be the result of the same process that formed Lake on the Mountain, though it does appear
from the sediment record that Roblin Lake’s basin is older.

The first sediments deposited in the Lake on the Mountain basin above the bedrock surface are
varved clays, which are interpreted to be glaciolacustrine in origin. It therefore stands to reason
that the Lake on the Mountain basin was formed concurrent to or after the retreat of the
Laurentide Ice Sheet from the PEC area. This statement is however based upon the results of a
single sediment core from the region of interest in the lake, and so more cores would be necessary
in order to validate this interpretation.
3.2.3 Karst Features in the Acoustic Profiles
The visible enlarged karst conduits found at the bottom of the Lake on the Mountain
basin, presented in the preceding chapter, provide supporting evidence for the proposed sinkhole
mechanism. In particular, they demonstrate the specific groundwater pathways that may have
enabled a solution sinkhole to form, and are the most direct evidence for the involvement of karst
processes on the formation of this lake basin. In addition, there are also visible diffraction
hyperbolae in some of the profiles, which could be explained as debris from the sinkhole
collapse.

3.2.4 Basin Shape and Regional Structures
In addition to the visible karst conduits at the bottom of the lake, the lake basin itself
appears to be elongated along the strike of a regional joint set, and also runs parallel to a mesoscale fault system in the area. It seems quite possible that the lake formed in this location due to
pre-existing groundwater pathways along such structures, which would give a nucleation point to
the karst system that would then develop there.
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3.2.5 Questions Still Unresolved by Karst Explanation
There are some questions that still remain unanswered in order for the karst explanation
to be fully supported. Firstly, the proposed source of the water that would have driven this karst
system is meltwater from the receding Laurentide Ice Sheet. The water derived from melted ice
does not contain nearly as much CO2 as meteoric water, and so it stands to reason that it would be
far less acidic, and so less reactive with carbonate rocks. However, this meltwater is also
undersaturated with respect to carbonate, so the sheer amount of water may have been enough on
its own for karst processes to have proceeded regardless of whether the particular melt would
have been less favorable than normal precipitation for karst generation.
Secondly, there seems to have been a large amount of carbonate material removed and it
is not clear how it would have dissolved so quickly. The lack of a large accumulation of karst
debris at the bottom of the lake shows that the carbonate material that occupied the lake basin
must have been completely dissolved away, as during the development of a solution sinkhole
(described in Figure 1). However, the lack of an obvious source of CO2 puts into question the
possibility of dissolving this amount of rock in the time frame of the Laurentide Ice Sheet
retreating. Waltham et al. (2005) describe the process of a solution sinkhole as occurring over a
period on the order of 20000 years, however the time frame of the Laurentide Ice Sheet retreating
does not agree with this description. It seems as though there must be some other source of CO2
to drive the process more quickly, some contribution of glacial erosion or perhaps the karst
development was not limited to exclusively the late glacial retreat period but was instead ongoing
throughout a longer period of the Wisconsinan and some other mechanism had prevented the lake
basin from being filled with glacial sediments. It is possible that till was deposited on the lake
bottom and was washed into the lake bottom karst network by subsequent meltwater. Another
option would be that glacial loading could have accelerated the process, causing the slowly
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forming karst cavities to collapse more rapidly, which would result in exposing more of the
bedrock surface area to karst dissolution.

3.3 Conclusion
The results of the geophysical investigation undertaken at Lake on the Mountain have
allowed for re-examination of the hypothesis that it was formed from a sinkhole collapse.
Integrating the data from this study, the previous study performed by Terasmae and Mirynech
(1964) as well as the regional geology, it has become apparent that the sinkhole hypothesis does
fit and has some strong supporting evidence, though some questions do remain unanswered. The
updated hypothesis that has been presented asserts that Lake on the Mountain was created as a
sub-glacial solution sinkhole, exploiting pre-existing fractures and the availability of glacial
meltwater to drive karst dissolution. It is also possible that glacial loading could have accelerated
this process. This karst development is believed to have occurred at some point during the late
Wisconsinan and would have terminated after the Prince Edward peninsula was deglaciated and
submerged in proglacial waters. The glaciolacustrine sediments deposited at the lake bottom,
combined with the altered post-glacial hydrological conditions, would have halted karst processes
and allowed for the lake level to maintain its current elevation through to the present.
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Figure 44: Conceptual before and after model of glacial influence on Lake on the Mountain
karst development. North is to the left, and the sections are vertically exaggerated by a
factor of 10.
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Chapter 4
Predictive Karst Modelling
The previous two chapters have discussed Lake on the Mountain at length and have
demonstrated that this is a potential kilometre-scale karst feature in an area of southern Ontario
not considered susceptible to karst. In order to anticipate where else karst features may expect to
be found in Ontario, the use of predictive numerical models would be beneficial. However,
Ontario does not have a sufficiently complete database of documented karst features for these
models to work. In order to demonstrate the predictive capabilities of these numerical models, a
complete model for the state of Kentucky, USA, will be presented instead.

4.1 Modelling Karst
Due to the inherent complexity of karst processes, creating a model that accurately
predicts the spatial distribution of karst is not trivial. The mechanisms that drive karst generation
are generally well understood, but due to the number of variables that have an influence on the
system, detailed mapping of karst systems is quite difficult. While there are a number of models
that exist for mapping karst, there is no catch-all method of doing so accurately (Ford & Williams
2007).
Knowledge driven models such as index overlay (Seif & Ebrahimi 2014), the analytical
hierarchy process (Taheri et al. 2015), or fuzzy logic (Ho et al. 2014) have been used to model
karst processes, but due to the complexity of karst formation this often results in oversimplification. With these methods, empirical relationships between inputs and outputs are used
to train the model, in this case based on the understanding of the physical processes involved in a
karst system. Because the physical behavior of a karst system is such a complex process with
high variability and is so impacted by small-scale subsurface heterogeneity, it is not a process that
can be accurately predicted using empirical knowledge alone. For this reason, data-driven
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modelling methods would be more effective for generating karst models. However, their
limitation is the available amount of observations and data. Data-driven models typically use a set
of observations of a system, known as a training dataset, in order to determine relationships
between input data and these observations. Since they interpret the behavior of a system based on
the data that results from that system’s processes, they are typically useful for predicting the
behavior of complex systems (Solomatine et al. 2008). Those models do not need to include the
complex physical relationships between processes and the model parameters, but are rather driven
by statistical correlations. However, their performance is based largely on the size and quality of
the training dataset used to calibrate the model, and so a major drawback to using these models is
the availability of adequate training data.

4.2 Modelling Karst in Ontario
The insufficiencies of the existing Ontario karst model have been outlined in Chapter 1.
In order to improve this model, a data-driven approach is proposed. However, this would require
an adequate number of documented karst occurrences in Ontario. OGS has a dataset of observed
karst occurrences used in the creation of their karst model (Brunton & Dodge 2008b). The dataset
of observed karst occurrences lists 323 observed karst features, these can be seen in Figure 7.
However, as noted in Chapter 1, this list has some deficiencies and likely does not represent an
accurate registry of verified or suspected karst features in Ontario.

The predictive capabilities of a data driven modelling approach would be very beneficial
for a quantitative assessment of karst hazard in Southern Ontario. However, this is not currently
feasible due to a lack of documented karst features in the province. Instead, we present a model
for a well-documented Karst region, the state of Kentucky, US.
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4.3 Case Study: Kentucky Karst Modelling
Kentucky represents the ideal conditions for modelling karst. Karst is ubiquitous across
the entire state, and is also very well studied. A vast library of karst data is collected by the state
of Kentucky as it is a matter of great importance in this region. Kentucky sources a great deal of
its groundwater from karst aquifers and the vast stretches of karst landscape that span most of the
state are riddled with sinkholes, caves, and other surface depressions that may be hazardous to
safety and infrastructure. For these reason it is of great interest for the state of Kentucky to
develop a greater understanding of the 3-dimensional karst network beneath them.
Karst development across Kentucky is most intense in the Mississippian-aged strata in central
Kentucky and the Cumberland Plateau in the southeastern part of the state (White et al. 1970), as
well as the Ordovician aged strata of the Inner Bluegrass region in northeastern Kentucky
(Phillips et al. 2004; Thrailkill et al. 1991).
Since Kentucky is such a well-developed karst region and has a large database of karst
data available, it is an excellent case study region to demonstrate the kind of geospatial predictive
karst models that are possible. The method that has been selected is Weights of Evidence, and this
will be used to demonstrate the predictive capabilities of data-driven modelling methods and how
they can be applied to modelling karst systems when a sufficient quantity of training data is
available.

4.3.1 Weights of Evidence
Weights Of Evidence (WOE) is a quantitative statistical method used to combine
different forms of evidence towards supporting a hypothesis. This method was originally used in
medical diagnosis applications and was only later applied to spatial data when it began to be used
with GIS software for the creation of mineral potential maps (Bonham-Carter 1994). In this sense,
WOE is a data-driven modelling approach that uses a probabilistic analysis of the spatial
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relationships between input data and relies on concepts from information theory, specifically
Bayes’ Theorem which describes how probabilities change as more information is added (Davis
2002; Bonham-Carter 1994). The basic form of Bayes’ equation can be expressed as:
𝑃(𝐴, 𝐵) = 𝑃(𝐵|𝐴)𝑃(𝐴)

(3)

where P(A, B) is the probability that both events A and B occur, and is equal to the probability
that B will occur given that A has already occurred, multiplied by the probability that A will
occur. In this sense P(B|A) is a conditional probability because the probability it describes is
conditional upon A already having occurred. If events A and B are dependent, then the
occurrence of event A gives us additional information about the probability of event B occurring
(Bonham-Carter 1994; Davis 2002). Bayes equation (3) can also be expressed in the following
form:
𝑃(𝐵|𝐴) =

𝑃(𝐴|𝐵)𝑃(𝐵)
𝑃(𝐴)

(4)

Expressed this way, Bayes equation allows us to determine one form of a conditional
probability based on another. For example, it might be observed that karst often forms in areas
with a certain minimum density of bedrock fractures. However, what we are more interested in is
the probability that karst will be present given certain karts promoting conditions, e.g. bedrock
fracture density, available water, strata, etc. We can take all of the observations we have of karst
occurrences in an area, and compute the independent probability, P(B) or P(karst), which is also
given the term a priori probability. And given that we have a detailed map of fracture networks,
we can compute the probability of this density of fractures occurring, P(A) or P(fracture density),
and since we know P(B) we know P(A|B). We can then determine the probability of karst given
the fracture density, which is P(B|A) and is also referred to as the a posteriori probability. Thus
the a priori probability is the probability of event B occurring given no further information and
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the a posteriori probability is the conditional probability of B occurring given the additional
information that event A has occurred, which can also be described as the a priori probability
multiplied by a factor. The factor in this case is P(A|B)/P(A), which is the conditional probability
that event A occurs given event B has occurred, normalized by the probability of A occurring
regardless of B (Bonham-Carter 1994). Probabilities can also be expressed in the form of odds,
which are related to probability by the following expression:
𝑂=

𝑃
1−𝑃

(5)

in which O is the ratio of the probability of an outcome with the probability that said outcome
does not occur. For instance, with an odds value of 1, the probability is equal to 0.5. Conditional
probabilities can also be expressed as odds:
𝑂(𝐵|𝐴) =

𝑃(𝐵|𝐴)
1 − 𝑃(𝐵|𝐴)

which can also be expressed in the following way:
𝑂(𝐵|𝐴) =

𝑃(𝐵|𝐴)
𝑃(𝐵̅|𝐴)

(6)

where 𝑃(𝐵̅|𝐴) denotes the probability that event B does not occur, given that A has occurred
(Bonham-Carter 1994). Weights of evidence analysis makes use of odds in the form of logits.
Logits are the natural logarithm of odds, or ln(O). Weights of evidence uses logits to calculate its
weights and they are used in this way as a measure of the spatial association of the given evidence
theme (E) to a set of training data (D). Both a positive and negative weight, W+ and W- are
calculated this way, using the following equations:

𝑊 + = ln

𝑃(𝐸|𝐷)
̅)
𝑃(𝐸|𝐷

(7)

𝑊 − = ln

𝑃(𝐸̅|𝐷)
̅)
𝑃(𝐸̅|𝐷

(8)
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These two weights can be used to describe the spatial association of E with D, with W+
describes the weight of the evidence theme being true associated with the training set also being
true, while W- describes the weight of the evidence theme being false where the training dataset is
also false. Both can be positive or negative, with a positive W+ indicating that the evidence theme
being true is spatially correlated with the training dataset being true more than would be expected
if there was no conditional relationship. Similarly, a negative W- indicates that the evidence
theme being false is spatially correlated with the training dataset also being false. In other words,
W+ and W- can be used to describe the effect that the evidential theme would have on the a
posteriori probability, as compared to the a priori probability. The contrast, or C value (where C
= W+ - W-), combines the degree of spatial association described by the two variables. A C value
of 0 indicates no spatial association between the training data and the evidence maps, while a
large C value describes a strong spatial association (Bonham-Carter 1994; Harris et al. 2006). The
C value can be positive or negative as well, with a positive C value indicating that the evidence
map is a positively associated with the training data while a negative value indicates that it is
negatively associated. Both are useful for prediction modelling, since positive C value evidence
themes can assist in predicting where karst is likely to occur, while negative C value evidence
themes can be used to predict where it is not likely to occur.
The certainty of the contrast value C is often calculated as the Studentized contrast value,
which is the ratio of the C value to its standard deviation. This is done to ensure that the contrast
value is large compared to the variance of its inputs and is a way of estimating the uncertainty of
the weights in a relative sense (Bonham-Carter 1994; Harris et al. 2006). The variance of the
positive and negative weights of evidence can be calculated according to the following equations:
(Bonham-Carter 1994)
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𝜎 2 (𝑊 + ) =

1
1
+
̅}
𝑁{𝐵 ∩ 𝐷} 𝑁{𝐵 ∩ 𝐷

(9)

𝜎 2 (𝑊 − ) =

1
1
+
̅}
𝑁{𝐵̅ ∩ 𝐷} 𝑁{𝐵̅ ∩ 𝐷

(10)

The evidence themes described as inputs into the WOE model are in this case in the form
of evidence maps, or more accurately evidence rasters. Each model layer has been created from a
spatial dataset and converted into a raster. An important note about evidence maps and training
data is that for WOE analysis these datasets can only have two possible outcomes, true and false.
They are binary datasets, with raster values of 1 corresponding to true, and 0 corresponding to
false. This introduces a problem for ranked data, however this can be overcome by the selection
of an appropriate threshold value about which to classify the ranked dataset into true and false
categories (Harris et al. 2006).
The question may be raised as to the purpose of using weights and logits to compute the a
posteriori probability when this can be computed directly using Equation (4). However, by
calculating the weights independently for each evidence map, they can be combined together
using the following equation:
𝑛

𝑙𝑜𝑔𝑖𝑡(𝐷|𝐸1 ∩ 𝐸2 ∩ 𝐸3 ∩ … 𝐸𝑛 ) = 𝑙𝑜𝑔𝑖𝑡(𝐷) + ∑ 𝑊 + 𝑖

(11)

𝑖=1

where W+ is used if the evidence map value is true, and W- is used when it is false (BonhamCarter 1994). This is the equation that will be used to combine all of the weights together into a
final predictive model.

4.3.2 Model Inputs
Polygon shapefiles from the Kentucky Geography Network (KGN) website were used as
input data. These polygons were computed by taking the highest closed contour of internally
draining karst depressions across the state. The reason this method was used instead of the
method used in Ontario by the OGS of creating point features for each karst landform becomes
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obvious when the extent of some of these polygons is observed. Many of these karst features
merge into one another and overlap, and some cover much greater areal extent than others, and so
digitizing them as polygons instead of individual points makes sense as much more spatial
information is preserved. These polygons were used to create a raster of karst locations in
Kentucky, shown in Figure 45.

Figure 45: Raster developed from KGN karst polygon dataset. The state was digitized into a
grid with a 100 m cell size, and the cells that had their centroid fall inside a karst polygon
were assigned a value of 1, while the rest were assigned a value of 0.
The karst location raster was computed with a cell size of 100 m and every cell was
classified based on where its cell centre fell among the karst polygons. If the centroid was located
inside a karst polygon, then that 100 m cell was classified as karst. In this way, some smaller
karst polygons were likely missed and some cells cover more area than the polygons they were
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computed from. However, 100 m is a relatively small cell size when considering the size of the
entire state of Kentucky exceeds 100 000 km2, and so this compromise must be made in the
interests of computing time.
The resulting raster has 10,257,991 cells, 263,928 of which have been classified as karst.
This means that the a priori probability can be calculated as N(D)/N(T), which is 0.0259, and
logit(D) = -3.629. This signifies that a cell chosen at random has roughly a 2.6% chance of
containing a karst feature. In the interest of model validation, a random subset totalling 80% of
these karst cells will be used as a training dataset (D) in the creation of the WOE model while the
remaining 20% will be used to validate the model afterwards. This means that just over 2% of the
Kentucky map area will be represented as karst training cells, and that is already excluding the
20% reserved for model validation.
Geological maps and structural spatial data were downloaded from the USGS Mineral
Resource On-Line Spatial Database. A detailed geological map of Kentucky, featuring 55
different geological bedrock and overburden units as well as surface water was used to generate
various input layers (Figure 46).
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Figure 46: Kentucky Geological Map and legend. Formation codes correspond to the
abbreviations from the original map, and the full names and descriptions can be found in
Appendix C.
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Each individual formation was transformed into a raster and added as an input layer into
the model. As karst is highly dependent on bedrock geology, it should be of value to the model to
determine which geological units are most sensitive to karst formation and whether they can be
used to predict karst occurrence. The formations are referred to in the legend by their original
map abbreviations, and these abbreviations will also be used when referring to their model input
layers. The full names and descriptions can be found in Appendix C, though it should also be
noted that the first letter of each abbreviation denotes the geological time period to which each
lithological unit is dated, such as M for Mississippian, D for Devonian, P for Pennsylvanian, Q
for Quaternary, etc. The structural spatial dataset that was downloaded with the geological map
included a shapefile of all of the map-scale faults in the Kentucky area, which was also used
(Figure 47).
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Figure 47: Mapped faults in Kentucky. These were used to generate input rasters based on
the Euclidian distance to the nearest fault.
These fault polylines were also used to create input evidence maps into the model. As
karst is associated with increased fracture density as it tends to exploit existing bedrock
discontinuities (Faith et al. 2005; Perrin et al. 2011; White 1988), the proximity to major fault
zones should also be useful in predicting the probability of karst. A raster with values
corresponding to the Euclidian distance to the nearest fault was computed for 5 threshold
distances of 1000, 2000, 3000, 4000, and 5000 m. Since evidence maps must be either true or
false, consisting of values of 1 and 0, a distance must be selected beyond which the evidence
theme will be classified false. By setting and comparing multiple thresholds for the same
evidence theme, the one that performs best within the model can be selected.
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The extent of surface water was also a feature of the geological map, and this was also
rasterized. As karst is associated with water movement and most of the surface water in this
dataset is in the form of streams and rivers, it was hypothesized that the distance to surface water
would be a useful predictor of karst. The Euclidian distance to the nearest surface water feature
was computed for threshold values of 1000, 2000, 3000, 4000 and 5000 m. The 5000 m threshold
dataset can be seen in Figure 48.

Figure 48: Using the surface water polygons incorporated into the Kentucky Geological
Map in Figure 46, input rasters were generated using the Euclidian distance to the nearest
water feature. This is shown above, using a threshold of 5000 m.
4.3.3 Model Generation
The positive and negative weights of evidence, along with their standard deviations, C
values and studentized C values were computed for each of 66 initial model input layers. These
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included 5 layers for the distance to the nearest fault, 6 layers for distance to surface water
(including the actual surface water coverage), and 55 layers for geological map units including
bedrock and overburden. The results were then evaluated and 23 were removed. Of these, 14
were geological units with very minor extents and were removed because they did not intersect a
single karst point. Since the positive weight uses P(B|D) in the numerator of the fraction inside
the logarithm function (Equation 7), zero intersection with any of the training points yields ln(0),
which is undefined. Notice that this is not the case for the negative weight (Equation 8), however
having only one of the two weights is not very useful, so these layers were discarded. The
remaining layers that were removed were for the less successful evidence threshold maps for fault
distance and surface water. The 2000 m threshold map for fault distance and the 5000 m
threshold map for surface water distance were the best performing of their respective evidence
themes, and so the other threshold maps were discarded. Using multiple evidence maps of the
same theme and with overlapping coverages would violate the conditional independence
assumption of the model.
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Table 2: Subset of the WOE results showing the 8 layers with the greatest value as karst
predictors, based on the studentized C value. The results for all 43 model layers can be
found in Appendix D.
Layer Name

W+

W-

σW+

C

σW-

Student
C

Mngl

2.162591

-1.29201

3.4546

0.002735 0.004356 487.2018

Mcll

0.620686

-0.04991

0.670597 0.007028 0.002316 71.76713

Odc

1.13831

-0.0051

1.143408 0.026003 0.002207 40.53218

Mms

2.080182

-0.00117

2.081356 0.06425

Ls

0.494393

-0.00245

0.49684

Fault Distance

0.06381

-0.01725

0.081062 0.004695 0.002489 11.28393

Mswh

0.140139

-0.00521

0.145351 0.011235 0.002242 10.78486

Okc

0.055598

-0.00266

0.058253 0.010164 0.002252 4.691678

0.0022

31.32178

0.028015 0.002206 16.44005

(2000 m)

It can be observed that the Ste. Genevieve and St. Louis Limestone Members of Newman
Limestone (Mngl), the lower part of Chesterian age rocks (Mcll), and the Drakes Formation,
Grant Lake & Calloway Creek Limestone (Odc) geological units were the evidence maps with the
strongest association with karst training data. Many of these have very high studentized C values,
and this is due to their very low standard deviations. This is due to the high resolution of these
datasets (small cell size relative to raster extent) and the large number of training points. Fault
proximity is also shown to be a relatively strong positive correlation with karst, with the 2000 m
threshold performing the best. Proximity to surface water has a very strong negative correlation
with karst, which is somewhat surprising as a nearby source of water would be expected to
contribute to karst processes. However, this may be explained by the fact that there are a number
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of disappearing streams in the karst regions of Kentucky, and the flow of streams into
subterranean karst voids prevents them from merging into larger rivers or pooling as ponds and
lakes at surface. Using Equation (11), the weights of the 43 selected model input evidence maps
were combined into one map, Figure 49.

Figure 49: The total WOE map generated from the summation of all input layers according
to Equation (11). Values represent the logit, or log-odds, of the presence of karst as
calculated from the inputs.
The map values are in logits, and can therefore be transformed into odds, and by
extension, probability. The probabilities that results from this transformation for the map in
Figure 49 are the a posteriori probabilities that include the evidence of all 43 model layers, and
this transformed map can be observed in Figure 50.
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Figure 50: Map of a posteriori probability computed from the WOE logit values.
So according to the spatial correlation of each layer with the training data, and the
associated conditional probability information that it adds to the eventual a posteriori probability,
this map shows the resulting probability that a given raster cell will be classified as a karst
location. The areas that are blue are more than 50% likely to be underlain by karst.
Another useful way to visualize this is by computing the ratio of a posteriori probability
and a priori probability. This demonstrates how much more or less probable a given location is to
be classified as karst as compared to the prior probability. This can be seen in Figure 51.
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Figure 51: Map displaying the ratio of posterior probability/prior probability of karst in
Kentucky. The prior probability is computed from the known karst locations in Figure 45,
while the a posteriori probability can be computed from the WOE logit values.
It can be observed that the red areas of highest probability ratio are more than 20 times
more likely to be classified as karst, while the darkest blue areas approach zero as they are far less
likely to contain karst. This demonstrates the value of using model layers with positive and
negative C values, as the strong negative karst association has resulted in areas that are markedly
less likely to be karst than the a priori probability value.
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4.3.4 Model Validation
A validation dataset containing a random 20% subset of the original total karst raster cells
was used to validate the model. This was done so that data points used to create the model would
not be used to judge its ability to predict new locations, but a set of independent points would.
The results of the model were maps of the logit values (Figure 49), the a posteriori probabilities
(Figure 50) and the probability ratio (Figure 51), all forms of the same probability function
created using the WOE model to predict karst locations. In order to validate whether or not it is
capable of accurately predicting karst locations, we can use this probability function in order to
classify the validation dataset. This is simple enough, and will be evaluated using the probability
ratio map (Figure 51). Using the logit values or a posteriori probabilities would work equally
well.
The validation raster is in the same form as the training dataset raster, with values of 1
where karst locations exists and values of 0 where they do not. By performing raster
multiplication of this raster with the probability ratio raster, we get a resulting raster populated
mostly by zeros, with the karst cells acquiring the probability ratio value associated to each of
them. By removing the zero values and evaluating the histogram of the remaining cells, as in the
ArcMAP Classification tool (Figure 52), the distribution of probability ratio values can be
determined for cells that are positive for karst. We can use this histogram to select a classification
threshold for our probability function. In other words, at what probability ratio value do we
choose to evaluate the raster cell as being positive for karst. Once this value is selected, a karst
prediction map for Kentucky can be created.
There are a few methods that can be used to select this value, and the value that is
selected depends on the desired results. For example, a very small value can be selected to
attempt to correctly classify as many karst locations as possible; the drawback to doing so is that
more non-karst locations will be incorrectly predicted as karst as a result. Similarly, a very high
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value will result in more karst locations incorrectly classified as non-karst, while fewer non-karst
locations will also be predicted as karst. Jenk’s Natural Breaks and a simple manual percentile
threshold have been used to select threshold values.
Jenk’s Natural Breaks is an optimization algorithm used to classify data that attempts to
select break points to maximize the variance between different classes while minimizing the
variance within each class (Jenks 1967; Jiang 2012). In this case, the algorithm is being used to
classify the data into two classes, karst and non-karst, with the break point value being used as the
classification threshold. This can be observed in Figure 52, with the Natural Breaks algorithm
returning a break point value of 6.5775.

Figure 52: The ArcMAP Classification tool menu. At the bottom is a histogram of the
classified validation dataset values. Jenk’s Natural Breaks has been selected as the
classification method, and the break point dividing the two datasets is 6.5775.
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This classification threshold was used to classify the probability ratio map in Figure 51 into karst
and non-karst classes, and the results can be seen in Figure 53.

Figure 53: Model of predicted karst area created from the probability ratio map in Figure
51 using Jenk's Natural Breaks to determine the classification threshold of the probability
ratio. This maximizes the variance between ‘Karst’ and ‘Not Karst’ classes while
minimizing the variance within the respective classes.
The predicted karst regions appear to be very be limited to the areas in Figure 51 that
displayed the very highest probability ratio values and cover a surprisingly relatively small
proportion of the map area. Notice that the Inner Bluegrass region in the northeastern part of the
state, described as one of the more heavily karsted areas in Kentucky, is completely absent from
this prediction model. Though this region is not nearly as karsted as the Mississippian strata in
central Kentucky, it is still distinctly visible in the karst location raster in Figure 45, though it was
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not as distinct in the probability maps (Figure 50, Figure 51, and Figure 52). The raster attribute
table for the Natural Breaks prediction map can be observed in Table 3.

Table 3: Raster attribute table for the Jenk’s Natural Breaks karst prediction model in
Figure 53. The model predicted 8.40% of the total map area as karst, and correctly
classified 70.02% of the karst validation cells correctly.
Class

Total Cell

Karst (True)

Count

Validation
Cells in Class

Not Karst
Karst

9596451

15797

872683

36987

8.34%

70.07%

The map in Figure 53 was able to accurately classify 70.07% of the karst locations, and
did so while only classifying 8.34% of the total map area as karst. This is fairly impressive when
considering that the prior probability of karst across the whole map area was 2.59%, and so in
predicting a karst area only 4 times the extent of the total karst landform area of the map area it is
able to correctly identify over 70% of the validation cells. However, one of the dominant karst
regions is absent almost entirely despite this.
Aside from Natural Breaks classification, manual selection of 75th percentile and 95th
percentile classification thresholds were chosen. This means that classification thresholds that
accurately classified 75% and 95% of the karst validation cells respectively were chosen. The
resulting karst prediction maps can be observed in Figure 54 and Figure 55.
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Figure 54: Model of predicted karst area created from the probability ratio map in Figure
51 using the 75th percentile of the validation dataset as a classification threshold value of
the probability ratio. This means that 75% of validation data falls within the predicted
karst area.
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Table 4: Raster attribute table for the 75% percentile karst prediction model in Figure 54.
The model predicted 9.79% of the total map area as karst, and correctly classified 75.04%
of the karst validation cells correctly. The reason this is not exactly 75% is that there are
some groups of identical values in the data, as can be seen in the histogram in Figure 52.
Class

Total Cell

Karst (True) Validation

Count

Cells in Class

Not Karst

9443900

13176

Karst

1025234

39608

9.79%

75.04%
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Figure 55: Model of predicted karst area created from the probability ratio map in Figure
51 using the 95th percentile of the validation dataset as a classification threshold value of
the probability ratio. This means that 95% of validation data falls within the predicted
karst area.
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Table 5: Raster attribute table for the 95% percentile karst prediction map in Figure 54.
The model predicted 33.08% of the total map area as karst, and correctly classified 95.43%
of the karst validation cells correctly.
Class

Total Cell

Karst (True)

Count

Validation
Cells in Class

Not Karst

7005675

2410

Karst

3463459

50374

33.08%

95.43%

It can be observed that the 75th percentile model is very similar to the Natural Breaks
model. Their correct karst validation cell numbers are only 5% different. However, it is beginning
to appear as though increasing the classification threshold has diminishing returns, as increasing
the total karst validation successes by 5% required an increase of total karst classification from
8.34% to 9.79%, which is in and of itself a 17% increase in classified karst cell count. This
becomes even more apparent from observing the 95th percentile model and table. The
classification threshold has been selected so that the model now correctly classifies 95% of the
validation karst locations, but classifies 33.08% of the map area as karst in order to do so. From
the Natural Breaks map to the 95th percentile model, the correct classification of the karst
validation cells increased 25.36%, but required a 296% increase in total karst classified cells in
order to do so.
Interestingly, the Inner Bluegrass karst region is only classified as karst in the 95th
percentile map, and is still as absent in the 75th percentile as in the Natural Breaks map. This is
likely due to both the comparatively weak karst density to the more heavily karsted regions of
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central Kentucky and because the chosen model input layers did not favor that region as heavily
even though it is known to be fairly karst dense. Perhaps with additional model layers added it
would become more apparent in the karst prediction models.

4.3.5 Further Steps for Model Improvement
This WOE model is not meant to be a state-of-the-art karst predictive model for
Kentucky. This model has been created to demonstrate the kind of future work that could be
accomplished with the aid of a more complete karst dataset for southern Ontario, such as these
types of probabilistic analyses for predicting the locations of undocumented karst. This model can
certainly be improved upon in a number of ways.
Additional input evidence maps could be incorporated in order to account for more
factors that influence karst development. The current model inputs include the lithology and
overburden present at surface, the proximity to surface water and the proximity to map-scale
faults. This accounts for the influence of bedrock and overburden type on karst development, as
well as some of the influence of water availability and the availability of bedrock fracture systems
that could be exploited by karst processes. Further evidence maps could be incorporated that
evaluate the differences in the amount of precipitation across Kentucky, in order to further
account for the availability of water to drive karst processes. The threshold distances to water and
faults could also be changed.
A more robust model validation could be performed. The 20% random sample of karst
locations could be changed, or could be repeated with multiple random 20% subsets as a crossvalidation.
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4.4 Conclusions
4.4.1 Kentucky Karst Model
A Weights of Evidence model has been developed for predictive karst modelling in
Kentucky. Using karst depression bounding polygons, a karst location raster was developed,
which included 263928 confirmed karst location cells at a 100 m cell size across the state of
Kentucky. Out of this total, 80% were used to train the model while the remaining 20% were used
for model validation. A total of 43 binary evidence maps were created, consisting mostly of
lithological unit coverages but also including distances to major faults and surface water features.
These were input into the weights of evidence equations, and the weights of every layer were
combined in order to produce an overall a posteriori probability map, which is a map scale
probability function to determine the likelihood that a given map cell would be classified as karst.
Classification threshold values were then determined using the validation dataset, and these
threshold values were used to create three separate karst prediction models.
It can be observed that both the selection of evidence map layers and the quantity of
training and validation data have a large impact on the predictive capabilities of this kind of
model. The model was very effective at classifying karst training points from the most heavily
karsted central Kentucky Mississippian rocks, but was not able to effectively classify the Inner
Bluegrass region karst points. This is due in part to this regions comparatively lower karst point
density, but also because the model layers chosen were not very strongly represented in this area,
and so a larger variety of input evidence themes could improve the predictive capabilities of the
model. The quantity of training data however was excellent. The ability to maintain karst training
cells covering more than 2% of the total map area while still reserving 20% of the karst locations
for model validation allowed for a great deal of certainty, as evidenced by the very low standard
deviation values and exceedingly large studentized C values compared to the real C values, as the
training point set was large enough to offset uncertainty due to statistical noise.
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4.4.2 On Improving the Ontario Karst Model
The Ontario karst model presented in can most certainly be improved upon.
Unfortunately, this must start with the data. More documented karst locations are needed, and
these need to be explored for not only in areas of thin-drift and bare bedrock, but also in areas
with increased overburden cover. The investigation presented in the previous chapters
demonstrates how karst features can go undocumented, even features on the kilometer scale such
as Lake on the Mountain. The problem is a lack of karst investigation, and a lack of a platform
upon which to report, document and verify potential karst features. Examples of sinkhole
reporting frameworks are in place in the states of Florida and Kentucky, among others. These two
states in particular deal with very active karst processes and are exposed to the hazards of karst
more regularly than a region such as Ontario. For this reason, they have both streamlined their
sinkhole reporting systems, and the process can be performed on each states geological survey
website. A database is kept for these sinkhole reports, and some are then verified by a state
geologist. Since they are privately reported there is a bias towards more heavily populated areas,
but these databases end up recording far more instances of karst than the dataset that the OGS has
collected. It is therefore recommended that the OGS institute an independent sinkhole or karst
feature reporting system for Ontario, and that a greater interest is taken in verifying potential karst
locations in the province in order to build a provincial database of karst occurrences. With a more
robust dataset of documented karst features, more useful predictive models can be created and our
understanding of karst processes, past and present, in the province can be improved upon.
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Chapter 5
Conclusions

5.1 Lake on the Mountain
Geophysical data collected at Lake on the Mountain as a part of this research has been
used to validate the long-standing hypothesis that Lake on the Mountain is actually a sinkhole.
Acoustic SBP data has been used to perform a more detailed investigation into the lake’s
bathymetry and bedrock structure. This reveals that the deep basin of the lake bottom is narrower
and more steep-sided than was obvious from the previous bathymetric contour map (Terasmae &
Mirynech 1964). In addition, this elongated basin is parallel to a set of meso-scale faults that have
been mapped in the area as well as one of the regional joint sets. It seems entirely possible that
Lake on the Mountain is structurally controlled, with pre-existing joints or a potential fault zone
providing an entry point for water to infiltrate into the bedrock to initiate dissolution processes.
Vertical sub-bedrock structures were also discovered in this deep lake basin SBP profiles.
These have been interpreted as solutionally-enlarged bedrock fractures, which would have been
employed as karst conduits for groundwater movement. The appearance of these features,
analogous to clint and grike epikarst features, along with the lack of significant collapse debris
visible in the SBP sedimentary horizons, leads to the conclusion that Lake on the Mountain was
formed as a solution sinkhole.
With these observations in mind, an updated hypothesis of the formation process of Lake
on the Mountain was discussed, making use of the geophysical data and previous study
observations. It is proposed that Lake on the Mountain was formed as a subglacial karst feature
during the Wisconsinan glaciation. The existing normal fault would have acted as a nucleation
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point for the development of a karst groundwater system beneath the Laurentide Ice Sheet in this
area. The pressure melt at the bottom of the glacier, combined with the surface melt filtering into
the developing lake basin, would have driven karst dissolution as the water found a path from the
PEC peninsula elevation to the lower elevation of the Lake Ontario basin that was being carved
out by the Laurentide Ice Sheet. This process is believed to have been accelerated by glacial
loading, as the forming karst cavities would collapse much more rapidly, thus exposing more
bedrock surface area to dissolution processes.
There is no glacial till found within the lake basin, though the perimeter of the lake is
rimmed with till. This suggests that the lake basin wouldn’t have formed until after the last major
advance of the Laurentide Ice Sheet that covered Ontario, though the time period between the late
Wisconsinan glacial advance and the Laurentide retreat from the PEC area (ca. 26.5 ka to 12 ka)
(Clark et al. 2009) would seem quite rapid for this kind of sinkhole to develop. The sediments
that do occur at the very bottom of the lake are varved clay and silt, which have been interpreted
as glaciolacustrine sediments deposited during one of the proglacial lake phases between the
Laurentide retreat and the current Lake Ontario phase. These sediments would have filled in the
karst cavities at the bottom of the lake, trapping the water in the Lake on the Mountain basin after
the draining of glacial lake Iroquois. This sediment infill, combined with the source of meltwater
disappearing, would have halted karst development altogether, preserving the lake until the
present day.

5.1.1 Predictive Karst Modelling
A probabilistic karst model was developed for the state of Kentucky using WOE analysis.
The conditional probabilities of multiple evidence themes were combined in order to create a
predictive model for this kart-rich state. This results in a model classifying the land area by the
probability of it being underlain by karst, and this is computed by the association of the evidence
theme input with known karst locations. A random 20% validation dataset was held out from the
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model generation and was used to test the model. Using Jenk’s Natural Breaks classification, the
model was able to correctly classify over 70% of the validation dataset while classifying minimal
false positive areas. The same procedure using the 75th percentile and 95th percentile as thresholds
increased the success of correctly classifying karst locations, at the cost of greatly increasing the
number of false positives as well. This karst model is moderately successful, though it can
certainly be improved. The incorporation of additional evidence maps would add to the predictive
capabilities of this model, as well as a more robust system of model validation such as a repeated
random subset cross-validation.
Different modelling techniques could also be used for this. Logistic regression, artificial
neural networks, and other data driven methods can be applied to cases such as this. This model is
not meant to be a state of the art karst hazard model for Kentucky, rather it is presented to
demonstrate the capabilities of these kinds of predictive data-driven models, and to demonstrate
how such a model would be applied in the case of Ontario.

5.1.2 Improving the Ontario Karst Model
The existing Ontario karst model has been discussed, and though it is a good
representation of active karst processes, this is not enough for evaluating karst hazard. The focus
of the karst model presented by Brunton and Dodge (2008b) was the study of karst groundwater
resources. As a result, the study is primarily concerned with areas that are currently undergoing
karst processes, which narrows the view of karst in Ontario to the limited areas of thin-drift or
bare bedrock carbonate plains where such processes can be observed at surface. However, this
disregards karst features that exist elsewhere in Ontario, buried beneath the blanket of glacial drift
that covers much of the province. This makes them much harder to predict as these older caverns
and sinks would have formed under different hydrological conditions than those existing at
present. These features still pose the hazard of collapse and sudden subsidence long after they
have come to equilibrium with the current groundwater regime, and can often be triggered to
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collapse by increased human activity such as loading from infrastructure development or changes
in groundwater level from pumping. For this reason, it is important that a greater emphasis be put
on karst investigation in Ontario, as the current karst registry is neither sufficient nor complete.
Several of the database entries are not verified, and there does not seem to be motivation to verify
these locations. Lake on the Mountain is an excellent example of this, as it has been a long
standing unverified hypothesis that it was a karst feature. This demonstrates how even a
kilometer-scale karst feature can be absent from the OGS karst database.
In order to improve the registry of caves and other karst features, it is proposed that
Ontario adopt a similar platform for reporting sinkholes as used by the states of Kentucky and
Florida. These states are both underlain by a vast network of karst. Each maintains an online
database of subsidence incident reports, which are submitted privately through their respective
geological survey websites. Creating a more streamlined framework for sinkhole and cave
reporting to the OGS would allow for a much more detailed karst database, and this could then be
used to generate better predictive models for karst in southern Ontario.

5.1.3 Completion of Research Objectives
The following research objective have been met in this thesis:
1) Evidence has been provided, through the collection of geophysical and other forms of
data, to validate the hypothesis of a large-scale sinkhole at Lake on the Mountain,
Ontario.
2) Using this information an updated hypothesis of the formation history of Lake on the
Mountain has been provided, and evidence supporting this hypothesis has been discussed.
3) A data-driven, predictive karst model has been presented for the state of Kentucky, USA,
in order to demonstrate the predictive capabilities of these types of statistical models and
their potential future application to create predictive karst models for southern Ontario.
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This model is reasonably successful at predicting karst, though improvements could be
made.
4) Suggestions have been provided towards improving data collection and investigation for
karst landforms in Ontario in the interest of building a more robust provincial registry of
these features that can be used to build future hazard models, and in ultimately gaining a
more thorough understanding of karst in southern Ontario.

The investigation at Lake on the Mountain presented here has demonstrated that there is more
work to be done before karst hazard in Ontario is fully understood. The current Ontario model
can certainly be improved, however this must first begin with renewed investigation and
improved data collection. With a larger collection of karst data, many numerical techniques
become possible in order to generate predictive models, such as the WOE model for Kentucky
that has been presented here. These techniques can be used to better quantify the hazards posed
by karst, which can lead to safer infrastructure planning and improved subsidence mitigation.

5.2 Future Work
5.2.1 Lake on the Mountain
After conducting an electromagnetic survey at Lake on the Mountain, the groundwater
behavior is still not well understood. The lake is observed not to drain through the bedrock cliff
into Lake Ontario, and there are two small surface streams feeding it. However, it seems
necessary for there to be some measure of groundwater recharge in order to maintain the lake
level at this elevation. A previous study had hypothesized that the lake was being fed by a
bedrock fracture-hosted groundwater network, and this would appear to be the case as the
MOECC well log database shows records of wells drilled near Lake on the Mountain that draw
groundwater from the underlying rock units. However, a series of EM-31 and Max-Min
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electromagnetic surveys were unable to detect any of these groundwater conduits. In order to
further investigate the groundwater behavior, a more detailed investigation involving minipiezometers would be suggested. These can be used to measure groundwater pressure, and to
determine the direction of flow between groundwater and surface water (Rosenberry et al.
2008)(Pettinelli et al. 2004). These instruments could even help to quantify the lake’s recharge
rate from its potential groundwater source.
An additional strategy towards investigating the groundwater would be to measure the
volume of water that spills over the cliff when the lake is high. This could be approximated by
using an instrument to measure the depth and flow rate of the water in this stream and would give
an estimate of water loss from the lake. Combined with similar measurements from the inflow
streams, meteorological data to model evaporative losses and precipitation inflow, this method
could be used to estimate the amount of groundwater contribution required to maintain the lake
level.
Data coverage is also something that could be improved. Additional SBP profiles could be
collected in order to improve the bathymetry map and to identify any additional karst or collapse
structures that could further validate this hypothesis. The conductivity and temperature
measurements would also be more useful if they were collected regularly throughout the year so
that temporal variations in the thermocline could be investigated. Finally, more sediment cores
would be required in order to truly validate this hypothesis. The only lake bottom sediment data
that is available comes from one sediment core, and so more would need to be collected in order
to substantiate these interpretations.
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Appendix A
Ontario Stratigraphic Section

120

Appendix B
Additional SBP Profile Figures
SBP profiles that transect the lake bottom basin were of greatest interest, and larger figures of
these zoomed in basin profiles have been provided below. These are all from the 14 kHz channel,
as it provides the most useful details. Refer to Figure 25 for line locations and to the Figure 36 in
order to see where these lines transect the deep lake basin.
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Line 1000 14 kHz
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Line 1133 14 kHz
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Line 1210 14 kHz
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Line 1333 14 kHz
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Appendix C
Kentucky Geological Map Full Legend Information
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Appendix D
Weights of Evidence Layer Values
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