
 

 

 

A Sedimentological and Geomorphological Investigation of the Paris Moraine 

in the Guelph Area, Ontario, Canada  
 

 

 

 

by 

 

Michael McGill 

 

 

 

 

 

 

 

 

 

A Thesis 

presented to 

The University of Guelph 

 

 

 

 

 

 

 

 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Land Resource Science 

 

 

 

 

Guelph, Ontario, Canada 

 

© Michael McGill, August, 2012  



ABSTRACT 

 

 

 

A SEDIMENTOLOGICAL AND GEOMORPHICAL INVESTIGATION OF THE PARIS 

MORAINE IN THE GUELPH AREA, ONTARIO, CANADA 
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University of Guelph, 2012        Dr. E. Arnaud 

 
 

 

A sedimentological and geomorphologic investigation southeast of the City of Guelph, Ontario 

was undertaken to determine the nature, trends in distribution, and origin of subsurface 

sediments in the Paris moraine. Sediments were investigated by drilling five cored-holes, 

mapping geomorphic elements, and creating a database of existing data. 

Nine broadly encompassing and reoccurring lithofacies were identified, ranging from gravel to 

clayey silt. The general transverse trend of geomorphic elements across the moraine consists of a 

frontslope, hummocky, and backslope element. Sediment-landform associations were identified 

from the synthesis of cored-hole, geomorphic element mapping, and lithologic cross-section 

data. Based on these results, the Paris Moraine is thought to be the remnants of an ice-cored 

controlled moraine. The relief inversion process responsible for the formation of the controlled 

moraine creates a horizontally and vertically variable distribution of lithofacies. Hydrogeologic 

properties of the moraine sediments will likely be similarly spatially variable and difficult to 

predict. 
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1. Introduction 

1.1 Study Area and Rationale  

The City of Guelph is located in Southern Ontario, Canada, approximately 70 km southwest of 

Toronto (Figure 1.1). The city is listed as a settlement area in the Ontario Places to Grow Act 

(Ministry of Infrastructure, 2012) and has managed to meet its water demands in the past solely 

from groundwater resources despite experiencing development pressures. Continued growth and 

concerns about the sustainability of groundwater supplies makes the City of Guelph a useful 

analogue for other Southern Ontario cities that rely on bedrock groundwater, thus it is an 

excellent place to conduct a large hydrogeologic study. In this context, the Ontario Research 

Fund - Research Excellence (ORF-RE) program funded a project to investigate sustainable 

bedrock water supplies for Ontario communities. The current study was undertaken in the 

context of this large multidisciplinary and multi-institutional ORF-RE research project. The 

focus of the ORF-RE project was to examine each component of the hydrologic cycle in Guelph 

through intensive field studies. One aspect central to Guelph’s hydrologic cycle is the Quaternary 

sediments.  

The materials that overlie the bedrock in the Guelph area are mainly of glacial origin. The Paris 

moraine is the most prominent glacial landform in the Guelph area. The Paris moraine is located 

to the south and east of Guelph and is characterized by a region of high relief and hummocky 

topography with numerous closed depressions (Figure 1.1; Blackport, 2009; Russell et al., 2009). 

Local, provincial and federal authorities have expressed interest in the nature of Quaternary 

aquifers in the Paris moraine as well as their role in the recharge of bedrock aquifers. 

Sedimentological data on the Quaternary sediments can provide information on spatial 

heterogeneity within these materials and consequently, recharge areas and aquifer geometry.  
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Additionally, a better understanding of the origin of the Paris moraine in the Guelph area is of 

significance for interpreting the Quaternary evolution of the Great Lakes region. Thus, a 

subsurface investigation of the Paris moraine was initiated.  

 

 

Figure 1.1: Map of southwestern Ontario with the locations of the cities of Guelph and Toronto relative to 

moraines (courtesy of Laura Weaver, modified from Barnett, 1992). 
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1.2 Objectives 

The goal of the investigation is to examine the subsurface lithologic heterogeneity and update the 

understanding of the origin of the Paris moraine in the Guelph area by analyzing subsurface 

Quaternary deposits. This goal can be achieved through the completion of three objectives. The 

first objective is to characterize the nature of subsurface sediments within the Paris moraine. The 

second objective is to develop sediment-landform relationships in order to identify trends in the 

spatial variability of sediments within the moraine. The third objective is to develop a conceptual 

model for the formation of the Paris moraine to assess its significance in terms of the Quaternary 

evolution of the region as well as to provide a geological framework for hydrogeologic 

modelling. 

Glacial systems are comprised of many non-unique depositional settings. In an ice-marginal 

environment, a variety of sedimentary processes are expected to be active. Accordingly, it is 

expected that the subsurface lithology of the Paris moraine in the Guelph area will be 

heterogeneous and spatially variable. To establish the geologic framework of the Paris moraine 

using a lithofacies approach (Eyles et al., 1983), a lack of outcrops in the study area necessitates 

the use of continuously cored holes. Whereas some cores were recovered as part of this study, 

existing datasets had to be incorporated in order to acquire the necessary spatial resolution and 

capture the subsurface heterogeneity.  In addition, geomorphology was also considered to 

develop sediment-landform relationships and thereby expand the predictive power of the model. 

 

1.3 Organization of Thesis 

This thesis is subdivided into literature review, methodology, results, discussion, and conclusion 

chapters. The literature review chapter covers the glacial history and geologic background of the 



4 

 

Guelph area, moraine depositional models, and glacial lithofacies models in order to provide 

context for the present study. The methodology chapter covers both lab and field practices used 

in the investigation. The results chapter is subdivided into three sections: high resolution cored 

holes, landforms and geomorphic mapping, and lithologic cross-sections. The discussion chapter 

integrates the data from the three data sets to develop a model for the formation of the moraine.  

It then compares the data to previous research in the region and regional stratigraphy, existing 

end moraine models, as well as discusses the hydrogeologic implications of the observed 

subsurface heterogeneity. The conclusion chapter provides a summary of the findings and offers 

suggestions for the direction of future research on the Paris moraine in the Guelph area. 
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2.0 Literature Review 

Various investigations have been performed in the area by provincial (Karrow 1968, 1987; 

Chapman and Putnam, 1984; Blackport, 2009) and municipal governments (Gartner Lee, 2004). 

However, a distinctly academic approach addressing certain aspects of the Paris moraine in the 

Guelph area has only been completed by Straw (1968, 1988) and Sadura et al. (2006). 

Additionally, there is a field trip guide to the Paris moraine covering the Guelph area by Russell 

et al. (2009) from the 2009 Geological Association of Canada Joint Assembly conference.  

An appreciation of the sedimentology of the Paris moraine and the adjacent Galt moraine in the 

Guelph area (Figure 2.1) is important for understanding the Quaternary evolution of the Great 

Lakes region. The Pleistocene geology of the Guelph region was originally mapped by Karrow 

(1968, 1987). However, the understanding of sedimentological processes as well as the glacial 

history of Ontario has been refined over the last forty years, specifically in terms of facies 

modelling and of terrestrial environment process-form models of landforms. 

The glacial history of southern Ontario will be summarized with a focus on ice sheet advance 

and retreat and the formation of moraines. This will be followed by a brief discussion on 

process-form (landsystem) models of moraines as well as relevant lithofacies models for 

continental terrestrial glacial environments. 
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Figure 2.1: Digital elevation model of the Guelph area with hillshade analysis highlighting the hummocky 

and high relief associated with the NE-SW trending Paris moraine between the Speed/Eramosa River to 

the NW and the Mill Creek to the SE. Note also the Galt moraine to the SE of the Paris Moraine and the 

drumlins throughout the area. See Figure A2 for road names. 
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2.1 Quaternary Glacial History 

 

The Quaternary period began approximately 2.58 million years ago (Gibbard et al., 2010). It is 

considered to be a time when the earth’s climate was generally cool, resulting in intermittent 

glaciations in North America and Europe. The local Quaternary stratigraphy has been developed 

based primarily on mapping of regional till units and some radiometric constraints (Table 2.1; 

Barnett, 1992).  

Table 2.1: Relevant glacial periods and corresponding oxygen isotope stages, modified from Barnett (1992) 

Oxygen 

Isotope 

Stage* 

Vostock 

Ice Core 

Stage 

Approximate 

Age (ka) 

Approximate 

Radiocarbon Age 

(ka) 

Classification from Dreimanis and Karrow (1972) 

1 A   Holocene  

 10  

   13  Port Huron Stade 

   13.4  Mackinaw Interstade 

2 B  14.8 Late Wisconsinan Port Bruce Stade 

   15.5  Erie Inter Stade 

   20  Nissouri Stade 

 30  

   22+  Plum Point Interstade 

3 C   Middle Wisconsinan Cherrytree Stade 

   >40  Port Talbot Interstade 

 60  

* Oxygen isotope stages and corresponding glacial periods, modified from Barnett (1992). 

 

Quaternary glaciations have played a key role in the evolution of the landscape in Ontario by 

removing pre-existing soils and eroding bedrock and leaving behind glacial landforms and 

deposits. It is these features that have left a record of regional conditions over the last 140 000 to 

190 000 years or for approximately the last 6 marine oxygen isotope stages (Chapman and 

Putnam, 1984; Barnett, 1992). This time span includes the Illinoian (oxygen isotope stage 6) and 

Wisconsinan glaciations (oxygen isotope stages 5d to 2, 115 000 years ago to 10 000 years ago), 
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the Sangamonian interglacial (the oxygen isotope stage 5e, 115 000 to 135 000 years ago) and 

the present Holocene interglacial. Quaternary deposits older than this time frame are not likely to 

be preserved in Guelph or the remainder of southwestern Ontario. 

Although alternative summaries of the glacial history of Ontario exist, for example Dyke and 

Prest (1987), the history presented here will focus on the interpretations of Chapman and Putnam 

(1984) because of their emphasis on moraines as well as Barnett (1992) for his focus on till 

stratigraphy and for correlation of local glacial landforms to specific time frames. Evidence of 

pre-Wisconsinan glaciation is rarely found in Ontario (Chapman and Putnam, 1984; Barnett, 

1992).  Many of the existing landforms in the region are related to the retreat of the Late 

Wisconsinan ice sheet following the Late Glacial Maximum (Nissouri stadial; approximately 20 

000 to 15 500 years ago, Table 2.1) during which the ice advanced as far south as Ohio. The 

Laurentide Ice Sheet (LIS, the continental ice sheet covering North America) maintained its 

maximum southern extent until the Late Wisconsinan (approximately 18 500 years ago). This ice 

advance is recorded by the deposition of Catfish Creek Till across southwestern Ontario. 

Between 18 000 and 14 000 years ago, there were many oscillations in the glacial margins across 

southern Ontario as the main LIS broke apart into lobes occupying the Great Lakes basins (Dyke 

and Prest, 1987).  These oscillations during the overall retreat of the Late Wisconsinan ice-sheet 

are recorded by moraines and ancient shorelines (Chapman and Putnam, 1984).  

Melting of the glacier was irregular with temporary readvances and pauses. The initial break up 

of the ice sheet consisted of several lobes that first split apart near Orangeville and Waterloo. 

Debris transported by these lobes was deposited in the crease between the lobes, initiating the 

Waterloo and Orangeville moraines (Figure 1.1). After the initial split, the southern lobes, which 
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occupied the Lake Ontario and Lake Erie basins first retreated (Erie Interstadial) and then 

readvanced over the Waterloo moraine and the Guelph area to form its drumlin field and deposit 

Port Stanley Till (Dyke and Prest, 1987) during the Port Bruce Stadial (Table 2.1; Barnett, 1992).  

During the Port Bruce Stadial, the Georgian Bay lobe retreated north of the Orangeville moraine 

(Figure 1.1). Over the next few thousand years a complex series of advances, retreats and 

readvances of lobes occupying the different Great Lakes basins shaped the landscape of southern 

Ontario, eventually leading to the creation of the Paris, Galt and Moffat moraines by the Lake 

Ontario lobe approximately 13 000 years ago (Barnett, 1992). The Paris and Galt moraines were 

originally correlated with the Port Huron advance by Chapman and Putnam (1984); however, it 

is now thought that these moraines and the associated Wentworth Till are associated with the 

Mackinaw Interstadial during a readjustment of the Erie-Ontario ice lobe (Table 2.1; Barnett, 

1992; Burt, 2011; Bajc and Dodge, 2011).  

Meltwater that drained along the ice front during the formation of the Paris moraine was very 

significant. The spillway from Caledon to Brantford (Figure 1.1) is one of the most extensive in 

southwestern Ontario. This spillway can be identified by gravel terraces and swampy stretches 

(Karrow, 1968; Chapman and Putnam, 1984). Modern streams often occupy sections of the old 

valleys. 

The Galt moraine lies just southeast of the Paris moraine and in some cases south and east of 

Guelph; the two form a composite moraine (Figure 2.1). It is similar in its composition to the 

Paris moraine: a stony ridge of loose, loamy till north of Brantford and a sandier ridge from 

Brantford to Simcoe. East of Guelph, drumlins occur in close association with the moraine. 

Kames also occur frequently throughout the entire moraine. Straw (1968) suggests the Galt 
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moraine was constructed in two well-defined phases, the later one being responsible for the 

moraine at Morriston and its extension to the north-northeast as a narrower ridge broken by 

occasional meltwater gaps. The glacial drainage from the Galt moraine in the Guelph area broke 

through the Paris moraine in Eden Mills and joined the existing spillway from the Paris moraine 

(Karrow, 1968; Chapman and Putnam, 1984).  

East of the Galt moraine is the Moffat moraine, which was formed during the same stade as the 

Paris and Galt moraines. Another moraine reported by Karrow (1968) is the Breslau moraine. It 

is located in Maryhill (approximatetly 12 km west of Guelph), is predominantly a till moraine 

and is believed to be the oldest moraine in the region (Karrow, 1968). The origin of this moraine 

is unknown. 

Another less widely acknowledged moraine is also present in the Guelph area, oriented 

northeast-southwest from Rockwood to Cambridge, in front of the Paris moraine (Straw, 1988). 

The Guelph moraine is thought to be older than the Paris moraine, having formed during a 

limited readvance associated with the deposition of the Port Stanley Till (Straw 1988).  Straw 

(1988) proposes that the sequence of events that built the Guelph moraine begins with retreat of 

Port Stanley (Port Bruce Stade, Table 2.1) ice from the Guelph area, followed by deposition of 

pre-Guelph moraine sands and gravels along the Eramosa/Speed River meltwater valley.  

Subsequent reactivation of the Port Stanley ice sheet and readvance of the ice sheet deposited the 

Guelph moraine. 

Harris (1967) used till fabric analyses to reconstruct glacial history of the Paris and Galt 

moraines and the Guelph Drumlin field. However, the work by Harris (1967), which relies only 
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on till fabric analysis, is questioned by Straw (1968) who criticizes the simplistic investigation, 

calling various interpretations geomorphologically impossible.  

 

2.2. Regional Geological Setting 

2.2.1 Bedrock 

The sediments deposited in the Guelph area during the Quaternary lie on Paleozoic bedrock. 

Prior to the Quaternary, the Silurian bedrock in Guelph was subjected to extensive weathering. 

Bedrock topography of the Guelph region has been mapped in the past by Karrow (1979). 

Quaternary sediment thickness in the region ranges from 0 m to over 75 m (Karrow, 1968). 

Recently, bedrock valleys and their Quaternary sediment infills have been investigated in Guelph 

(Cole et al., 2009) and the Early Silurian stratigraphy of the bedrock is in the process of being 

revised (Brunton, 2008, 2009; Brunton et al., 2010; Brunton and Brintnell, 2011). According to 

these recent revisions, the surface bedrock in the Guelph area consists of Silurian-age 

formations, specifically the Eramosa interval (the Eramosa is not yet recognized as a formation) 

and the Guelph Formation.  

The Eramosa interval can be subdivided into the lower Vinemount Member and the upper 

Reformatory Quarry Member. The Vinemount contains thinly bedded, fine crystalline, cyclic and 

horizontally-bioturbated traction current deposits, black to dark gray colour in core and light gray 

in weathered outcrop (Brunton, 2008, 2009; Brunton et al., 2010; Brunton and Brintnell, 2011). 

The Reformatory Quarry Member is described as a lighter brown to cream coloured, 

pseudonodular, coarsely crystalline and coral-stromatoporoid biostromal lithofacies (Brunton, 

2008, 2009; Brunton et al., 2010; Brunton and Brintnell, 2011). The Guelph Formation has a 
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cream to light brown matrix colour and contains thickly bedded cross-stratified crinoidal 

grainstones and wackestones as well as lagoonal thinly bedded megalodont-gastropod dominated 

wackestones and packstones, and some biostromal and biohermal reefal complexes (Brunton, 

2008, 2009; Brunton et al., 2010; Brunton and Brintnell, 2011). 

2.2.2 Landforms  

The unconsolidated materials overlying the bedrock in southern Ontario and the associated 

landforms are mainly of glacial origin (Chapman and Putnam, 1984). On a regional scale, these 

deposits were first studied by Taylor (1913); other work has been done by Chapman and Putnam, 

(1984; first published in 1951) and most recently, Barnett (1992).  Moraines are common and are 

traditionally thought to be composed of till deposited directly by the glacier, with related 

coarsely stratified gravel and sand deposited at the ice margin by meltwater (Chapman and 

Putnam, 1984). Often associated with moraines are hummocky (kettle) topography and 

abandoned/underfit meltwater stream channels.   

Outwash plains in the Guelph area have been mapped as components of the “Spillways” 

physiographic system by Chapman and Putnam (1984) and are found both in front of (northwest) 

and behind (southeast) the Paris moraine (Figure 2.2, Figure 2.3a).  They are composed of 

stratified sand and gravel deposits (Karrow, 1968, 1987). One of the most extensive outwash 

plains in southern Ontario can be found in front of the Paris moraine. This outwash plain is 

constrained by the Paris moraine to the south and the Eramosa and Speed Rivers to the north. 

The outwash plain behind the Paris moraine is centred around the town of Aberfoyle and is 

constrained by the Galt moraine to the south and the Paris moraine to the north (Figures 2.2, 2.4). 

These outwash deposits extend into major river valleys as narrow ribbon-like features identified  
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Figure 2.2: Physiography of the Guelph area, modified from Physiography of Southern Ontario (2007). 

See Figure A1 and A2 for further town and road names. 
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Figure 2.3: a) Photo of the outwash plain in front of the Paris moraine at the Arkell Research Station 

(Taken September 2011); b) Photo of the Eramosa River at Wellington Road 29/ 1
st
 Line, facing east 

(Taken July 2011); c) Photo of a kettle lake at the intersection of Maltby Road and Victoria Road, facing 

north (Taken July 2011); d) Photo of the Paris moraine along Maltby Road between Concession 7 and 

Victoria Road (Taken July 2010); e) Photo of the Galt moraine along Concession 2, facing southeast 

(Taken July 2010). 

b 

c 

a 

d 

e 
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Figure 2.4: Surficial Geology of the Guelph Area (Surficial Geology of Southern Ontario, 2010). See 

Figure A1 and A2 for further town and road names. 
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as spillway deposits (Karrow, 1968, 1987). The spillway deposits in the area trend southwesterly, 

closely coupled with the modern stream network.  

Drumlins are another prevalent landform in Ontario, especially in the area around Guelph. In the 

Guelph area alone, there are approximately 300 drumlins (Karrow, 1968; Chapman and Putnam, 

1984), most of which are located west and southeast of the Paris moraine (Figure 2.1). In 

general, the formation of drumlins is the subject of much debate. One aspect of drumlins agreed 

upon by most researchers is that they point in the direction of movement of the glacier.  Near 

Moffat they are oriented directly west (270°) and record the movement of the ice lobe as it 

pushed west out of the Lake Ontario Basin; other drumlins in the Guelph area are oriented 

between 270° and 315° (Karrow, 1968 and Chapman and Putnam, 1984).  The drumlins in 

Guelph are predominately composed of medium textured tills; both fine-grained tills and very 

sandy tills are uncommon (Karrow, 1968).  

The source material for the drumlins is dolostone with fragments of shale from the Queenston 

Formation exposed along the Niagara escarpment. Karrow (1968) suggests they are entirely 

composed of Wentworth Till with an older clay or silt till in the cores of some drumlins. 

However, subsequent stratigraphic studies suggested that the drumlins in front (northwest of the 

Paris moraine) are composed of Port Stanley Till (Karrow, 1987). Chapman and Putnam (1984) 

often observed kames on the slopes of drumlins especially on their tails although they did not 

adequately describe their definition of a kame.  

Eskers in southern Ontario are usually between 25 and 27 feet (7.62 to 8.23 m) tall with sides 

that lie at the angle of repose (Chapman and Putnam, 1984). An esker existed 

 



17 

 

in Guelph and ran approximately 20 km northwest of Guelph. Much of this esker has been 

removed by meltwater rivers and spillways and more recently removed as an aggregate source 

(Karrow, 1968). Karrow (1968) also reports that three prominent eskers run obliquely across the 

Guelph drumlin field. They are, in order from North to South, the Eramosa, Ariss and Guelph 

eskers. These eskers vary from 10 to 12 miles (16 to 19 km) long and are up to 50 feet (15.24 m) 

in height. Many smaller eskers can be found in the Paris-Galt moraine study area (Karrow, 1968, 

1987). 

Modern lacustrine systems include Puslinch Lake, which is located east of Cambridge. Many 

other smaller lakes are also found in the depressions associated with the moraine in the study 

area (Figure 2.3c). 

Modern fluvial systems are also found in the study area (Figures 2.2, 2.3b, 2.4). The Eramosa 

and Speed Rivers are underfit streams found in often terraced valleys that constrain the northern 

extent of the outwash plain from the Paris moraine. South of the Paris moraine is Mill Creek, 

which runs along the southeast edge of the moraine from north of Aberfoyle, south to Cambridge 

(Figure 2.1).   

Two moraines are found in the study area around Guelph, the Paris moraine and the Galt 

moraine (Figures 2.1, 2.2, 2.3d,e). The Paris moraine is oriented roughly northeast-southwest as 

is the Galt moraine with the Paris moraine recording the most northwest extent of a readvance of 

the Ontario/Erie ice lobe (Karrow, 1987). In the areas both immediately northeast and southwest 

of the study area, the Paris and Galt moraines join together and become a composite moraine.  
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2.2.3 Local Quaternary Stratigraphy 

Quaternary geology maps of the area include drift thickness and surficial geology (Figure  2.4). 

Karrow (1968, 1987) mapped the area in detail and noted that drift thickness in the Guelph area 

ranges from zero to 250 ft (76.20 m) mainly owing to variations in erosional features on the 

underlying bedrock (bedrock valleys) and variations in the surface of the drift as well as 

depositional features of Pleistocene origin. Other geological mapping (Drift Thickness and 

Aggregate Resources) has been completed by the Ontario Geological Survey in the Guelph area 

(Vos, 1969; Ontario Geologic Survey, 1985). As the Guelph area lies on the fringe of both the 

Huron-Georgian Bay and Erie-Ontario lobes, tills of northern and southern provenance may be 

encountered during research.  In the study area, the Wentworth Till and Port Stanley Till are 

found at surface (Figure 2.5), while other tills may occur at depth.  A review of the 

characteristics and stratigraphic context of these different tills therefore follows, along with brief 

descriptions of other types of unconsolidated materials found in the study area.  Knowledge of 

the till stratigrapgy of the region is constantly being updated. The following is based primarily on 

Karrow’s (1968, 1987) work, updated where available with more recent data from the Ontario 

Geologic Survey (OGS). This approach to describing till stratigraphy is necessary because the 

cross-sections used in Chapter 4.3 incorporate historical datasets, which may have been logged 

using the outdated terminology and because they are tentatively related to the most recent 

understandings of the regional geologic framework. 

Canning Till 

Bajc (2006) identifies pre-Late Wisconsinan Tills in the area southwest of Guelph.  The most 

notable of these is the Canning Till, which occurs beneath organic-bearing silt north of Waterloo  
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Figure 2.5: Distribution of surficial tills (Surficial Geology of Southern Ontario, 2010) of the Guelph area 

overlain on the provincial DEM (elevation increases from black to white). 
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and beneath the younger Catfish Creek Till. Canning Till is coarse-textured and very similar to 

(and easily confused with) Catfish Creek Till (Bajc and Dodge, 2011).  

Catfish Creek Till 

Catfish Creek Till is a regionally extensive deposit that has been described from various 

locations as having a low stratigraphic position. Karrow (1987) associates Catfish Creek Till 

with the main advance of the Laurentide Ice Sheet (Nissouri Phase).  Karrow (1968) describes 

Catfish Creek as a stony, silty, sand till that is relatively poorly exposed in this area. It is 

identifiable in the field by hardness, its grey buff to olive colour, its stratigraphic position below 

a clay till, and its low stratigraphic position. Fabric analysis of this till shows a preferred 

orientation in the trend of ice-flow from just west of north to northeast.  

Karrow (1987) describes the Catfish Creek Till as a silty, sandy, stony till sometimes referred to 

as “hardpan”. It consists of an average of 38% sand, 16% clay, and a calcite/dolomite ratio of 

0.8. Bajc (2007) also reports that Catfish Creek Till is commonly referred to by water-well 

drillers in the area as “hardpan” because of its stony and overconsolidated nature. 

Burt (2011), describes Catfish Creek Till in the Orangeville area as typically overconsolidated 

stony sandy silt till. Similarly, Bajc and Dodge (2011) describe typical Catfish Creek Till in their 

study area southwest of Guelph as an overconsolidated, stony, silty to sandy till of northern 

provenance; however, two facies of Catfish Creek Till have been observed, a fine and coarse 

facies.  Thus, Bajc and Dodge (2011) suggest multiple origins for Catfish Creek Till, with an 

early and late lobate facies. Additionally, Bajc and Dodge (2011) suggest that Catfish Creek ice 

was fronted regionally by proglacial lacustrine environments during the initial ice advance as 

well as during its final ice retreat.  
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Maryhill Till 

Karrow (1987) reinterprets Middle Till from Karrow (1968) as Maryhill Till and associates it 

with early fluctuations of the Erie-Ontario lobe advance during the Port Bruce Phase (Barnett, 

1992; Burt, 2011). Maryhill Till is not as regionally extensive as the Catfish Creek Till (Burt, 

2011). Karrow (1968) describes the Middle Till as a clayey silt to clay unit low in pebbles. Burt 

(2011) describes the Maryhill Till north of Guelph as a fine-textured till and glaciolacustrine 

sediment.  

Tavistock Till 

Tavistock Till was deposited by the Georgian Bay lobe and is stratigraphically younger than 

Maryhill Till, although Tavistock Till is also associated with the Port Bruce Phase. It is described 

as fine textured with 7% sand and 54% clay (Karrow, 1987). Similarly, Burt (2011) describes the 

Tavistock Till as a fine-grained silt or clayey silt-rich till deposited by the Huron-Georgian Bay 

lobes. 

Port Stanley Till 

Port Stanley Till is younger than the Tavistock Till (Karrow, 1987). It was deposited by the Erie-

Ontario lobe during the Port Bruce Phase. The properties of Port Stanley Till are regionally 

variable with facies changes. In the Guelph area, the Port Stanley Till is sandy, composed of 

roughly 40% sand with a calcite/dolomite ratio of 0.7 (Karrow, 1987). Karrow (1987) associates 

the Port Stanley Till with overriding of bedrock and outwash deposits by the flanks of the Erie-

Ontario Lobe.  In contrast, Bajc and Dodge (2011) describe typical Port Stanley Till as a stone-

poor, clayey silt with high plasticity in areas south of Guelph.  Regionally, Bajc and Dodge 
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(2011) reported that Port Stanley Till coarsens to the north. Burt (2011) describes Port Stanley 

Till north of Guelph as typically a stony, silty, sandy till, coarser than Tavistock Till. Many of 

the drumlins north of the Paris moraine are thought to be composed of this till (Karrow, 1987; 

Burt, 2011). 

Wentworth Till 

The Wentworth Till is the youngest till in the Guelph area (Karrow, 1968, 1987; Burt, 2011; 

Bajc and Dodge, 2011). It was initially thought to be of Port Huron age (Karrow, 1968; 

Chapman and Putnam, 1984) but current understanding places it as deposited during the 

Mackinaw Phase (Barnett, 1992; Karrow, 1987, 2000; Bajc and Dodge, 2011).  

Wentworth Till is a sandy to silty sand till, usually buff in colour, and often bouldery or stony 

(Karrow, 1968, 1987).  In the immediate area around the city of Guelph, the Wentworth till is 

commonly found as a stony, sandy diamicton (Sadura et al., 2006). Bajc (2006) proposes the 

coarse nature of the Wentworth Till is a result of readvance and entrainment of Grand River 

outwash deposits. 

The Wentworth Till’s stratigraphic position is above a clay till and it is often exposed at the 

surface in the Guelph region. Karrow (1968) reports that it makes up the hummocky topography 

of the Paris and Galt moraines (Figure 2.3) though its texture becomes coarser within the 

moraines (Karrow, 1968). Drumlins and fluting suggest this till was deposited by ice moving 

west out of Lake Ontario. 
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Loess Deposits 

Chapman and Putnam (1984) mention the possibility of shallow windblown loess deposits 

scattered discontinuously across southern Ontario. Although identification of these deposits is 

difficult, they likely formed immediately after deglaciation when the lack of vegetation would 

allow for abundant aeolian erosion.   

Alluvial Deposits 

Typical glacial spillways or meltwater drainage channels in Ontario are seen as broad troughs 

floored, wholly or in part, by gravel beds, and often associated with cedar swamps in the lowest 

part of the valley. These channels will often show a disregard for existing drainage gradients 

since they formed along former ice margins (Karrow, 1968; Chapman and Putnam, 1984). In the 

Guelph area most of the outwash features were derived from the Ontario ice lobe. However 

based on clast lithologies, a small amount of material from the Georgian Bay lobe to the north 

may have entered into the area from the Eramosa River valley (Karrow, 1968). 

Aside from these surficial spillway and outwash deposits, Karrow (1968) refers to ablation 

deposits (deposits associated with glacier melting) being exposed at various locations between 

the Port Stanley and Wentworth Till. In this stratigraphic position it is also common to find 

outwash and kame deposits. Karrow (1968) states that the present topography of the overlying 

Wentworth till appears to reflect the surface of the kame and outwash deposits beneath it when 

they are present.  
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Swamps/Bog Deposits 

The hummocky topography from ice-block depressions and old spillway valleys found 

throughout the area has led to the accumulation of organic material in low lying areas (Karrow, 

1968) and the development of marshes, peat bogs and swamps. 

 

2.3 The Paris Moraine 

From northeast of Guelph to Cambridge, the Paris moraine takes the form of a high boulder-rich 

ridge. From south of Paris, the Paris moraine was likely deposited subaqueously and becomes 

less topographically prominent towards Lake Erie; partly because it was buried by stratified 

sands and gravel bars at selected sites. It also differs in its composition from Lake Erie to 

Caledon. South of Paris, it is sandy whereas to the north, it is a bouldery loam including coarse 

outwash (Karrow, 1968, 1987; Cowan, 1972, 1976; White, 1975; Barnett, 1978, 1982, 1998; 

Chapman and Putnam, 1984). The source of this material is largely the Niagara escarpment.  

However, towards Caledon, red shale is added to the mixture of material.  In the vicinity of 

Guelph, Karrow (1987) describes the Paris moraine as hummocky till and sand, with numerous 

kames. The extent of the Paris moraine is not easily defined to the southwest of the Guelph area 

as it becomes a composite moraine with the Galt moraine (Karrow, 1968, 1987). 

Ice marginal moraines, such as the Paris moraine, define the extent of glacier ice at a given time 

and form the basis for establishing detailed chronologies of ice retreat (Lukas, 2005). The Paris 

moraine is traditionally attributed to a stillstand or readvance during overall glacial recession 

(Chapman and Putnam, 1984; Barnett, 1992) of the Ontario lobe of the Laurentide Ice Sheet. A 

description of the chronological development of the Paris moraine in the Guelph area could not 
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be found in the literature likely because of a lack of datable material (Karrow, 1968, 1987; 

Chapman and Putnam, 1984; Barnett, 1992; Sadura et al., 2006).  Some of the terminology and 

stratigraphy used by Karrow (1968; 1987) is now out of date. More recent Quaternary 

stratigraphic nomenclature for the Great Lakes region can be found in Barnett (1995) as 

summarized by Sadura et al. (2006). Karrow et al. (2000) proposed changes to the stratigraphic 

nomenclature of the eastern and northern Great Lakes area; however, these changes do not 

significantly affect the Paris moraine in the Guelph area.  

The Paris moraine is classified in the literature as an end moraine and is often identified by its 

high relief and hummocky topography (Barnett, 1992; Blackport, 2009). Physiographic maps of 

southern Ontario show the majority of the Paris moraine in the Guelph area as a till moraine and 

kame moraine (Chapman and Putnam, 1984), although this terminology is now outdated. Kame 

moraines are inferred to have been deposited at the margin of inactive ice, whereas till moraines 

are inferred to be thrust into position by advancing ice and thus, mark the extent of ice advance 

(Chapman and Putnam, 1984). Surficial geology maps of the Guelph area predominantly show 

the Paris moraine as being hummocky and composed mainly of Wentworth Till and occasional 

kames (Karrow, 1968, 1987). As well, the Paris moraine in the Guelph area is established to have 

a terrestrial origin (e.g. Karrow, 1968, 1987; Sadura et al. 2006). Bajc and Dodge (2011) suggest 

that north of Paris, the Paris moraine consists primarily of stacked sequences of ice-marginal 

debris flows with interbeds of stratified silt, sand and gravel, indicating that the northern segment 

of the Paris moraine was likely deposited in a subaerial environment. However, calling the Paris 

moraine a hummocky moraine or end moraine has distinct implications for the subsurface 

sedimentology and formation of the moraine (e.g.: Benn, 1992; Hambrey et al., 1997; Eyles et 

al., 1999; Lucas, 2005; Evans, 2009) that are largely untested in the study area.  
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2.4 Moraine Models  

Recently Bajc and Dodge (2011) have found stratified and glaciofluvial deposits make up a large 

proportion of the Paris and Galt moraine along with coarse textured Wentworth Till. These 

observations are found to the south of Guelph in the Brantford area (Figure 1.1). For example, 

south of Brantford, in the town of Scotland, Bajc (2007) found Wentworth Till to occur as a thin 

(<3 m) capping on the Paris moraine. The moraine itself consists primarily of a 15-m thick 

package of well bedded sand and gravel with some silt. Near the town of St. George, Wentworth 

Till is found on the east side of the Galt moraine and overlies three fining downward sequences 

of gravel, sand and silt. These deposits along with many gravel, subaqueous fan deposits 

observed throughout the Paris and Galt moraines (Sadura et al., 2006) raise questions about the 

composition and development of the Paris moraine in the more northern, Guelph area, and 

suggest that alternative models of moraine formation be examined instead of the traditional 

end/till/kame moraine models previously proposed. 

 A practical and universal taxonomy of ice-marginal moraines does not exist (Bennett, 2001). 

However, various classifications have been applied to moraines in the region based on the 

interpreted depositional environment or the interpreted location of glacial ice margin relative to 

the moraine during formation. These include end/terminal, recessional, hummocky, ice push or 

thrust, De Geer, and interlobate moraines.  The classification of the Paris moraine, like all 

landforms, is often a problem of semantics (Dehn et al., 2001). A useful starting point is often 

the fundamental physical properties of the landform that distinguishes it from other landforms; 

for example, topography, the primary tool used by Chapman and Putnam (1984). The definition 

subsequently becomes more complex by including more descriptors and specific contexts.  
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One way to classify the Paris moraine is based on the geologic processes that lead to its 

formation. To determine the processes that lead to the formation of the moraine it is necessary to 

investigate its composition in order to infer its depositional environment. Thus, it is conceivably 

necessary to investigate the sedimentology of the moraine as well as its topography to avoid 

oversimplified classifications of moraines.  

Based on a few key pieces of information, the Paris moraine may be seen as either an end 

moraine, a hummocky moraine or an ice push/thrust moraine. It was formed by a largely 

unconstrained continental ice sheet overlying bedrock and/or unlithified Quaternary sediments.  

It is located at the outer edge of the Wentworth Till plain and is thought to record the maximum 

extent of the Wentworth Ice.  It has hummocky topography, which, in general, is thought to 

occur from either subglacial deformation of soft sediment (Stalker, 1960; Eyles et al., 1999) or 

controlled (ice-cored) topographic inversion processes (Evans, 2009). Lastly, the Paris moraine 

is also a relatively wide complex of high relief with steep ridge-like hillcrests similar to those 

sometimes seen in ice-push/thrust moraines.   These different types of moraines are explored 

below to provide context to the present study and to explore the different processes that lead to 

their formation as well as the different type of materials that may be found within these 

moraines. 

2.4.1 End Moraines 

End moraines are often observed to be the result of a complex series of processes acting at the 

glacier margin. For example, moraine ridge development at Styggedalsbreen, Norway is found to 

be the result of glacial and glaciofluvial processes, highly dependent on seasonal variability 

(Matthews et al., 1995). This suggests that end moraines may consist of many sediments, not just 

till. Similarly, late Pleistocene end moraines studied by Johnson and Gillam (1995) in Durango, 
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Colorado challenge many long held ideas about end moraine development. They argue that these 

moraines represent marginal accumulation of short-lived processes such as surges of subglacial 

meltwater discharge and not just long periods of ice-margin stillstands as was considered for end 

moraines in Ontario (Chapman and Putnam, 1984; Karrow, 1987).   

Push and thrust moraines are often found as end moraines and many authors believe hummocky 

moraines likely have push components to them. Bennet (2001) provides a review of push 

moraines. Push moraines can be developed by seasonal fluctuations and long-term changes in 

mass-balance of modern glaciers (Boulton, 1986). As well, surging movement can create thrust 

ridges (Andrzejewski, 2002). In Svalbard, an englacial thrusting model involving topographic 

inversion was developed for moraine formation (Midgley et al., 2007). They observe various 

deformation styles to be present in moraine-mound complexes. These include: normal faults, 

folds, tilting of sediment slabs, and extensional deformation. Bennet et al. (1996) also describe 

moraine-mound complexes as the result of englacial thrusting. However, it should also be 

considered that ridges in moraines may actually be crevasse fills or palimpsest moraines 

(Mickelson et al., 1983; as cited in Ham and Attig, 1996). Some of these glacial models may not 

be applicable to the Guelph area as they involve glacial processes in constrained settings that 

may not be present at the margins of expansive continental ice sheets. However, they have been 

provided here for completeness.  

 

2.4.2 Hummocky Moraines 

Hummocky moraines are often found to produce broad end moraine complexes with hummocks 

and depressions. The research into hummocky moraines has largely focused on Scotland, Britain 

and Iceland (Benn, 1992; Hambrey et al., 1997; Lucas, 2005) and Canada (Sharpe, 1988; Eyles 
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et al., 1999), with many examples in a comprehensive review by Evans (2009) who investigated 

hummocky moraines predominately in North America, Iceland, and Norway.  

In North America, hummocky moraines have been interpreted as recording stagnation of the 

outer Laurentide Ice Sheet margins and deposition from the downwasting of dead ice. Eyles et al. 

(1999) argue that the Stalker (1960) interpretation needs to be revisited for hummocky moraines 

in southern Alberta considering recent modelling of ‘soft beds’ below the Laurentide Ice Sheet. 

Central to the Stalker (1960) idea is that hummocky moraine topography was produced 

subglacially by the pressing of dead ice into soft, clay-rich basal till. Stalker (1960) showed 

through regional mapping that drumlins and hummocky moraine were composed of the same 

fine-grained till that could have been squeezed beneath dead ice. Eyles et al. (1999) argue that 

the crude banding, faults, rafts of underlying strata, and strong pebble fabrics, traditionally 

inferred to be formed as melt-out tills from stagnant ice underlying hummocky topography, are 

more consistent with deformation till in their study area. They conclude that some hummocky 

moraines across southern Alberta are composed of deformation till, and thus, they are the 

geomorphic and sedimentological expression of a stagnant ice lobe that pressed into the fine 

grained till. Although the Great Lakes in Southern Ontario affected the nature and behaviour of 

the Laurentide Ice Sheet, Southern Alberta and southern Ontario likely experienced broadly 

similar glacial conditions during deglaciation (Dyke and Prest, 1987) such that this model should 

be considered for the Paris moraine.  

Hummocky moraines are also recorded in the Northwest Territories, Canada by Sharpe (1988). 

These hummocky moraines are up to 45 km wide and up to several hundred kilometres long, 

therefore similar in length to the Paris moraine, however, much wider. Sharpe (1988) interpreted 
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these hummocky moraines to have formed after intense compressional ice flow that moved basal 

debris to a superglacial position followed by ice stagnation. This resulted in debris flows and 

meltwater deposition controlled by ice, as well as resedimentation by sediment gravity flows, 

and from slumping. 

A comprehensive review of controlled moraines is provided by Evans (2009) and provides 

another model for hummocky moraine formation. Controlled moraines are supraglacial debris 

concentrations that become hummocky moraines after de-icing.  They show transverse linearity 

due to the inheritance of debris-rich bands in the parent ice. Conversely, moraines with 

supraglacial debris concentrations where spatial distribution of hummocks is chaotic are 

uncontrolled moraines. Controlled moraines are formed by the folding, thrusting, and stacking of 

basal debris-rich ice in glacier snouts due to compressive flow of the ice (Boulton 1970, 1972; 

Clayton et al. 1985). Polythermal conditions are crucial for the concentration of supraglacial 

debris as it allows freeze-on of basal debris in areas of subglacial permafrost and generates large 

volumes of englacial debris (Evans, 2009). These conditions are expected to have existed in the 

Guelph area during the formation of the Paris moraine (Dyke and Prest, 1987). When the debris 

reaches the surface, the englacial structure of the debris controls the pattern of differential 

ablation on the ice surface, producing linear ice-cored ridges. The ice-cored ridges become 

separated from the glacier snout during glacial retreat and become ice-cored moraines. 

Redistribution of debris during ice melt creates discontinuous ridges with intervening 

hummocks. The hummocks are infilled with meltwater deposits and/or sediment-gravity flows 

(Boulton 1970, 1972; Boulton and Paul, 1976; Paul, 1984). As well, reworking by meltwater can 

act to destroy tracts of controlled moraine before they are completely deposited on the ground 

surface (Spedding and Evans, 2002). When the ice cores are completely melted, the final 
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landforms consist of discontinuous ridges, transverse to ice flow with intervening hummocks 

arranged in arcuate zones of hummocky moraine up to 2 km wide with ice-walled lake plains and 

streamlined landforms produced by warm-based ice. Controlled moraines can form in both non-

permafrost and permafrost conditions. 

Ewertowski et al. (2012) studied a controlled, ice-cored moraine in permafrost terrain from 

Ragnarbreen, Svalbard (an outlet glacier in a constrained settings).  The glacier that produced the 

end moraine in this study is 4.9 km long and covers 6.6 km
2
.  They divide the geomorphic 

elements in their study zone into clean ice surface, ice-marginal lake, lateral moraine and end 

moraine complex. Within the end moraine complex, they further subdivide the moraine into 

three subzones; outer moraine ridge, culmination moraine ridge, and the inner moraine plateau. 

The end moraine complex of Ewertowski et al. (2012) consists of an arcuate shape, and is about 

1.2 km long and 300 to 400 m wide.  The outer moraine ridge subzone consists of a series of 

small hillocks with lengths between 10–50 m and relief from 2 to 4 m. As well, narrow inactive 

stream channels cut through the outer moraine ridge and reach the sandur plain. The culmination 

moraine ridge subzone begins where the outer moraine ridge subzone ends. This subzone 

includes the most prominent ridge of the end moraine complex. The ridge reaches about 35 m 

above the sandur and 20 m above the ice contact lake in front of the present ice margin. The 

distal slopes of the culmination ridge are generally very steep (~ 32%), whereas the proximal 

slopes are more gentle (~ 19%). Other smaller hillocks (about 3 m above the culmination ridge) 

can occur in this subzone. Debris flow lobes are observed in this subzone. The moraine plateau 

subzone is found between the culmination ridge subzone and the ice contact lake in front of the 

present ice margin. This subzone consists of numerous small water ponds and dry depressions 

separated by low hillocks. 
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The model proposed for the development of this end moraine complex by Ewertowski et al. 

(2012) largely follows the controlled moraine model for hummocky moraine outlined above.  Ice 

began melting around the Little Ice Age (approximately 100 years ago) and layers of debris were 

exposed. The glacier snout, covered with debris, lost its ability to move and was transformed to 

an ice-cored moraine system. As ice continued to retreat, it supplied the marginal zone with large 

amounts of meltwater and sediment.  When dead-ice was exposed it led to slope instability and 

caused numerous debris flows and intense resedimentation processes. Continued warming and 

melting of ice cores reduced the height of the end moraine complex and some depressions 

collected meltwater and sediment-gravity flow resulting in relief inversion. At the present time, 

the ice-cored moraine system is stable on a 10 year scale, with debris flows only occurring 

locally when meltwater streams cut the bases of slopes.  Although the low relief and 

unconstrained setting of the Guelph area is unlike the one found in the Ewertowski et al. (2012) 

study, the geomorphic classification they developed is useful for comparison with the current 

study as is the overall process-form relationships, which appear consistent across both 

constrained and unconstrained glacial settings. 

In non-permafrost terrains such as Kvíàrjökull, Iceland, some controlled, ice-cored moraine 

occurs near the snout and in the foreland of a temperate outlet glacier (Evans, 2009). The 

topography is characterized by discontinuous chains of elongate hummocks separated by 

glaciofluvial channels that are extensively pitted by kettle holes. At the snout of the glacier, these 

controlled ridges developed over 15 years from transverse supraglacial debris-rich bands into 

ice-cored elongate mounds up to 10 m high and composed of large volumes of sand and gravel. 

These deposits contain a small range of clast roundness and have been interpreted by Spedding 

and Evans (2002) to be the result of transport to the snout by englacial drainage networks. 
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However, some debris-rich bands display subglacial sediment characteristics (Swift et al., 2006). 

Their case study also shows that ice marginal pushing can enhance the linearity of hummocky 

moraine. 

In northern Canada, Dyke and Evans (2003) studied moraine belts formed at the former northern 

margins of the Late Wisconsinan Laurentide Ice Sheet and interpreted them as examples of 

controlled (ice cored) moraines.  These moraine systems take the form of a 10–40 km wide zone 

of cold-based ice associated with an inner zone of warm-based ice (Figure 2.6). The resulting 

landform assemblage contains drumlinized terrains (representing warm based ice) terminating at 

large, ice-cored end moraines and proglacial meltwater channels (representing cold based ice). 

Dyke and Evans (2003) postulate that the abundant debris of the ice-marginal  

zone is generated in the warm-based zone up ice such that ice cored moraines are continuously 

draped over the warm bed features as the cold-based ice retreats during recession. 

These Laurentide Ice Sheet ice-cored moraines are interpreted to have been produced similarly to 

those in non-permafrost areas as already discussed from Kvíàrjökull (Evans, 2009). Debris- rich 

bands were produced at the outer edge of the Laurentide Ice Sheet by large scale freeze-on at the 

boundary of warm- and cold-based ice (Dyke and Evans, 2003). Downwasting of the ice sheet 

margins produced linear ridges and controlled hummocky moraine.  The largest of these ice-

cored moraines of the Laurentide Ice Sheet are characterized by chaotic hummocks especially 

where the surface material is composed of ice-contact stratified material; however, sub-parallel 

linear ridges still convey a broad organization to the moraine.  

The distribution of the ice-cored moraine belts in northern Canada is significant, because upon 

removal of the ice cores, the topographic highs locally appear as chaotic hummocks typical of  
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Figure 2.6: Controlled moraine systems showing the association of landforms with ice conditions. 

Drumlinized terrains develop under warm-based ice and terminate at large, ice-cored end moraines 

formed by cold-based ice and dissected by proglacial meltwater channels (modified from Dyke and 

Evans, 2003). 

 

those traditionally interpreted as the products of widespread ice stagnation. The extensively 

kettled, ice-cored, ridged and hummocky moraines of the region had, until Dyke and Evans 

(2003), been interpreted as the product of widespread glacier ice stagnation (Sharpe, 1988). 

However, active recession instead of regional stagnation should be considered because proglacial 

meltwater channels and outwash trains and fans originate from multiple individual ice-marginal 

positions suggesting they would have formed in sequence during active recession (Dyke and 

Sevelle, 2000; Dyke and Evans, 2003). 
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Similarly, end moraines in Wisconsin represent the southern margin of the Laurentide Ice Sheet. 

The most common technique in investigating these Wisconsin moraines is a landsystems 

approach (Ham and Attig, 1996; Colgan et al., 2003). This technique is used to interpret 

conditions of landform and sediment genesis, from which, characteristics of the ice sheet are 

deduced. In Wisconsin, the geomorphology of these moraine systems, despite their time-

transgressive nature, are broadly arranged in patterns suggesting that climate, topography, bed 

conditions, and ice-sheet dynamics produce distinct landsystems. Colgan et al. (2003) identify 

four landsystems active in the Wisconsin region during the Late Glacial Maximum, the most 

relevant of which is the high relief hummocky moraine and drumlin landsystem, ‘Landsystem 

B’.  

Similar to the Paris moraine in the Guelph area, this landsystem is described as dominated by 

sandy diamict, high relief and hummocky end moraines. The end moraines are up to 2 km wide, 

stand 5 to 40 m above the surrounding landscape, and have slopes exceeding 2°. The landsystem 

has thick accumulations of supraglacial sediment with steeply dipping beds in the up-ice 

direction that indicate localized ice push and ice thrusting. This landsystem is interpreted to 

represent active retreat during deglaciation.  

The moraines in Wisconsin, like those in northern Canada, can be explained by genetic models 

of polythermal conditions in a permafrost environment at the time of moraine formation (Clayton 

et al., 2001; Colgan et al., 2003). Specifically, in the Wisconsin studies, models of ice cored 

moraine development imply a cold-based marginal fringe to the ice sheet as well as permafrost 

(Attig et al., 1989; Ham and Attig, 1996; Clayton et al., 2001). The cold-based marginal fringe 
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was a key element in debris entrainment and transfer into the glacier margin and subsequent 

moraine construction. 

 

2.5 Glacial Lithofacies Models 

The concepts used to infer past depositional environments and to develop the various moraine 

models discussed are grounded in facies analysis. To understand the process of facies analysis, it 

is first necessary to understand the facies concept (Walker and James, 1992; and Reading, 1996). 

The term facies, in a descriptive sense, refers to observable attributes of a sediment that can be 

interpreted in terms of depositional (lithofacies) or biological (biofacies) processes. A lithofacies 

is a sediment unit defined by distinctive lithologic features.  Lithofacies can be grouped based on 

similar depositional environments to create lithofacies associations and these lithofacies 

associations form the basis for a lithofacies model (Miall, 2000). Developing a lithofacies model 

for the Paris moraine is one of the objectives of this research.  

Miall (2000) describes a practical approach to the study of facies for the purpose of depositional 

systems analysis on a basin scale. In general, individual facies analysis leads to large scale 

depositional system analysis through correlation. Facies analysis and interpretation begins with 

identifying depositional processes and environmental fluctuations over time through empirical 

observation. Facies analysis then moves into recognizing associations of attributes throughout 

the depositional system. These associations represent facies associations, which are the building 

blocks of facies architecture. The following section will summarize lithofacies and models of 

deposition likely to be found in terrestrial glaciated environments specific to the Guelph area 

during the advance and retreat of the Laurentide Ice Sheet. Although, none of these models will 
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likely be a perfect match for the Guelph area, a review of the main characteristics of these 

settings will provide context for the interpretation of the sediments and geomorphic features 

observed in the present study.  

2.5.1 Glaciofluvial 

In general, proglacial fluvial systems are similar to models of braided river systems in non-

glaciated environments (Miall, 1985), with the addition of highly seasonal discharges and 

sediment supply as well as the presence of buried ice. In the Guelph area, glaciofluvial 

lithofacies are expected in areas mapped as spillways by Karrow (1968) beginning in the 

outwash plains north and south of the Paris moraine and possibly continuing down the valleys 

that create the Grand River system (Karrow, 1968, 1987; Straw, 1988). 

A reconstruction of a proglacial fluvial environment is provided by Aitken, (1998) who 

investigated the sedimentology of Late Devensian glaciofluvial outwash in the Don Valley, 

Scotland. This model proposed five lithofacies associations for the glaciofluvial system: braided 

proximal outwash deposits, distal braided outwash deposits, distal alluvial fan deposits, overbank 

deposits, and diamicton deposits, which can be subdivided into stratified and massive 

diamictons. This model differs from a non-glaciated fluvial system mainly because of the 

diamicton deposits.  

Similarly, Blazauskas et al. (2007) describes late Pleistocene proglacial fluvial sedimentation in 

low lands plains, possibly similar to the conditions in the Guelph area. Their model identifies 

three facies assemblages from deposits in south east Lithuania: proximal sandur (composed of 

subhorizontally bedded gravel, trough cross-stratified sand and gravel, and diamicton), middle 

sandur (with a coarsening upward trend consisting of ripple-laminated coarse silt, trough cross-
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stratified coarse sand, and subhorizontally stratified gravel but is dominated by subhorizontally 

stratified sands), and distal sandur (composed of ripple-laminated sand and silt, and to a lesser 

extent trough cross-stratified and subhorizontal stratified sand). Blazauskas et al., (2007) also 

identify what they refer to as ice marginal river deposits in the more distal areas of this 

environment, which are interpreted to have formed by distinctly channelized and deep currents, 

similar to those of single channel rivers. These deposits are subdivided into two assemblages: 

mid-channel deposits and side-channel deposits. Coarser grained material is found in the mid-

channel deposits and finer grained material is found in side-channel deposits with some gravel 

present as channel lag.  

Another unique aspect of glacially-influenced braided river systems is the variability and 

seasonality of discharge. Marren (2002) investigates the fluvial-lacustrine interaction in an ice-

marginal proglacial system and describes the importance of how processes with varying 

magnitude and frequency regimes interact with and contribute to the sedimentary record of the 

fluvial and lacustrine proglacial environment. Low magnitude high frequency deposits 

representative of braided river lithofacies (Miall, 1985; Aitken, 1998; Blazauskas et al., 2007), as 

well as high magnitude low frequency deposits representative of jokulhlaup lithofacies are 

observed in these environments (Maizels, 1997).  

At the ice margin, meltwater can also produce ice-contact alluvial fans, which contribute to the 

composition of ice marginal moraines. Three types of these end moraine fans are identified by 

Kryszkowski and Zielinski (2002): Type A (mass-flow dominated), Type B (mass-flow and 

waterlain sediments), and Type C (waterlain deposit dominated). The fan morphology can be 

divided into either a two-part scheme consisting of a proximal zone and a distal zone, or into a 
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three-part scheme consisting of a proximal zone, medial zone, and a distal zone. Type A fans are 

dominated by diamicton throughout. Type B fans are dominated by diamicton in the proximal 

zones and sand and silt in the more distal zones. Type C fans are dominated by gravel in the 

proximal zones and pebbly sand and silt in the more distal zones.   11 lithofacies within these 

waterlain dominated (Type C) end moraine fans are grouped into two facies associations for this 

environment; one for catastrophic, high energy flows and one for braided stream deposition 

(Kryszkowski  and Zielinski, 2002).  

2.5.2. Glaciolacustrine 

Fluvial and lacustrine processes are often closely associated (Bennett et al., 2002). Although 

regional scale surficial lacustrine deposits are not expected in the Guelph area based on the 

glacial history (Chapman and Putnam, 1984; Barnett, 1992), smaller scale lacustrine deposits 

may be found as the result of ponding between ice margins and moraines. As well, Maryhill and 

Catfish Creek Tills may exhibit local lateral facies changes containing either directly deposited 

glaciolacustrine facies or subglacial tills sourced from remobilized lacustrine material (Bajc, 

2011; Burt, personal communication 2012).  

Where tills or supraglacial deposits flow into these lakes or ponds, they may accumulate on the 

lake bed as recognizable sediment gravity flows, often interbedded with laminated lacustrine 

sands, silts, and clays (Boulton, 1972). Other common glaciolacustrine facies may include ice-

marginal subaqueous fan and delta deposits. Models of these deposits are provided by Bennett et 

al. (2002) and Winsemann et al. (2007) who examine fan and deltaic facies characteristics and 

architecture within glaciolacustrine basins. The scale of these basins and their fan deposits, 

however, is likely larger than any lacustrine deposits to be found in the Guelph area. 
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The possibility of ice-contact lakes in the Guelph area implies that ice-rafted debris may have 

formed glaciolacustrine diamicts and other deposits.  Eyles et al. (2005), observe evidence of ice 

rafting in early Wisconsin-aged Sunnybrook deposits in an ancestral ice-dammed Lake Ontario. 

They describe lithofacies with laminated muds containing what are interpreted as ice-rafted 

dropstones as evidence of an ice-contact lake and debris released from melting icebergs. They 

also observe cobble-rich horizons with limited lateral extent and the presence of steeply dipping 

clasts with a lack of preferred clast fabric encased in clast-poor muddy sediments and suggest 

these are also lithofacies resulting from ice-contact lakes and debris released from melting 

icebergs.   

2.5.3 Subglacial 

The subglacial environment is likely to be one of the more significant depositional settings in the 

Guelph area considering the distribution of tills and subglacial landforms (Figure 2.2; Karrow, 

1968; 1987). Sediment deposition depends largely on thermal regime at the base of the glacier. 

In the Guelph area, during the advance and retreat of the ice sheets, temperate ice conditions are 

expected (Dyke and Prest, 1987; Menzies, 1990; Ham and Attig, 1996). Under a temperate 

glacier, a dense till is sometimes deposited with clasts oriented parallel to flow. Often in these 

conditions deposition is not continuous and there may be interbedded fluvial facies (Eyles et al., 

1983). However, the subglacial environment is not that simple. 

From observations of modern ice sheets, Boulton (1972) divides subglacial sediment into two 

categories: lodgment till and stratified deposits. However, this view has evolved over time to 

ideas of a much more complex subglacial environment. In a review by Evans et al. (2006), seven 

traditionally recognized subglacial deposits are identified from the literature: lodgement till, 

melt-out till, subglacial sliding bed deposits, glacitectonite, comminution till, deformation till, 
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lee-side cavity-fill deposits. Evans et al. (2006) proposes a simplified classification scheme based 

on difficulties in differentiating and interpreting deposits that are likely to display a continuum 

between processes. The new scheme suggests subglacial tills be grouped into glacitectonite, 

subglacial traction till, and subglacial melt-out till.  

Glacitectonite is defined by Benn and Evans (1996) as rock or sediment that has been deformed 

by subglacial shearing (deformation) but retains some of the structural characteristics of the 

parent material.  This definition includes comminution till in the revised classification of Evans 

et al. (2006). Subglacial traction till is defined by Evans et al. (2006) as sediment deposited by a 

glacier sole either sliding over and/or deforming its bed, the sediment having been released 

directly from the ice by pressure melting and/or liberated from the substrate and then 

disaggregated and completely or largely homogenized by shearing. This definition combines 

lodgement till, deformation till, lee-side cavity fills, and stratified sediments deposited by water 

films and channels at the ice-bed (sliding base deposits) into one grouping of subglacial deposits. 

Subglacial melt-out till is defined by Evans et al. (2006) as sediment released by the melting or 

sublimation of stagnant or slowly moving debris-rich glacier ice, and directly deposited without 

subsequent transport or deformation.  These tills occur in the geological record as both crudely 

stratified and macroscopically massive diamictons that display a wide range of gravity induced 

disturbance structures. 

Landforms Associated with Subglacial Lithofacies Models 

In addition to these subglacial deposits, subglacial processes also result in distinct landforms. 

Boyce and Eyles (2000) use an architectural facies analysis approach to determine the subglacial 

processes acting during the formation of a drumlin in southern Ontario. Drumlins are common 

features of many Pleistocene glaciated landscapes and are common features in the Guelph area 
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both northwest and southeast of the Paris and Galt moraines (Figure 2.1; Karrow, 1968; 1987), 

but their formation and glaciodynamic significance are debated.   

In their study area, Boyce and Eyles (2000) attribute the formation of drumlins to repeated 

accretion of till over a nucleus of preexisting sediment. The composite nature of the internal 

stratigraphy of the drumlins is concluded to be incompatible with simple erosional sculpting of 

preexisting sediment by catastrophic subglacial floods (Shaw, 2002) and instead supports a 

sediment deformation hypothesis for drumlin formation.  

The meltwater hypothesis attributes drumlin formation to erosion and deposition by violent, 

turbulent floods of enormous magnitude where drumlins form as deposits in scours of the 

overlying ice. The meltwater hypothesis also includes formation of erosional drumlins by large 

floods (Shaw, 2002). However, Clarke et al. (2005) argue that the subglacial megaflood 

hypothesis is not a viable explanation for drumlin formation based on what they refer to as a fatal 

problem involving the requirement of an unlikely huge volume of water to be subglacially or 

supraglacially stored and then suddenly released.  Indeed, no record of such a large discharge is 

evident in the Guelph region.  The deformational hypothesis of Boyce and Eyles (2000) may 

apply in this context though no detailed study of the Guelph drumlin field exists to test it. 

Stokes et al. (2011) attempt to provide a unified theory for drumlin formation based on a 

thorough review of the literature. They estimate more than 200 papers in the literature that report 

composition and structure of drumlins and based on these data suggest 5 basic types of drumlins 

based on composition: mainly bedrock, part bedrock/part till, mainly till, part till/part sorted 

sediments, and mainly sorted sediments. Excluding bedrock drumlins, which they considered 

site-specific, Stokes et al. (2011) argue for a single process-specific mechanism to create 
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drumlinized terrain. They favour that the sediments and structures inside drumlins are not related 

to drumlin formation but instead reflect pre-existing sediments that have been subjected to a 

drumlin forming mechanism. Thus, it is likely that the environment and processes of deposition 

of the deposits within the drumlin pre-date drumlin formation. However, some drumlins show a 

clearly conformable layer of stratified structures with well-developed shear planes composed of 

diamict with microfabrics oriented parallel to the axis of some drumlins (Nenonen, 1994). This 

conformable layer is often referred to as a  ‘veneer’,  ‘carapace’, or ‘mantle’ (Stokes et al., 2011) 

and takes the form of a till or glaciofluvial sediment. When composed of a till, the layer is often 

interpreted as an ablation/melt-out till that has been draped over the landscape during 

deglaciation or if the till veneer is thicker, it may not necessarily be the product of deglaciation 

but might instead be the product of a different ice flow phase after drumlin formation (Stokes et 

al., 2011). When composed of glaciofluvial sediments, the layer is attributed to deposition during 

ice margin withdrawal across the drumlin (Hart, 1995).  In the Guelph area, the formation 

mechanism of the drumlins is largely unknown such that erosional, depositional and 

deformational hypotheses may be considered. 

Another commonly identified feature with a potential subglacial origin in the Guelph area are 

eskers. Cummings et al. (2011) presents a brief review of esker depositional models in the 

context of mineral exploration.  Eskers in the modern landscape are preserved subglacial 

meltwater deposits recording supraglacial, englacial and subglacial meltwater drainage. A list of 

investigations into esker deposition, divided into different glacial environments is presented in 

Brennand (1994).  
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Some eskers may be polygenetic in origin, and formed through a combination of different 

processes. It is difficult to reconstruct subglacial meltwater environments because of the variety 

of hydraulic conditions (Bradzikowski and van Loon, 1987; Brennand, 1994), and unfortunately 

there is no facies that can be clearly considered as diagnostic of meltwater in subglacial 

environments, as they are likely similar to the mechanisms, bedforms, and sedimentary structures 

in open channels and pipes (McDonald and Vincent, 1972).  Eskers may be identified by narrow 

coarse-grained ridges (R-Channels) that correlate downflow to proglacial fans (Shilts et al., 

1987) or subglacial glaciofluvial deposition in cavities adjacent to the R-channel (Gorrell and 

Shaw, 1991). 

2.5.4 Supraglacial  

Subaerial sediment-gravity flow is often one of the predominant processes depositing diamict at 

the terminus of ice sheets. Flows originate where sediments overlie glacier ice. As englacial 

debris and debris from shear planes (bands) is exposed at the ice surface by ablation, subaerial 

debris flows are likely to occur (Boulton, 1972; Boulton and Paul, 1976). Meltwater-rich 

supraglacial debris is very unstable and readily flows down the glacier surface where it is 

deposited on low slopes, in depressions on the glacier surface and on other proglacial or 

supraglacial sediments. These deposits often lose the finer grained components from winnowing 

by wind and water. Boulton (1972) refers to these deposits as flow tills. 

Eyles et al. (1983) propose that supraglacial tills can be separated into two categories: flow tills 

and ablation tills. However, referring to these deposits as tills is not appropriate. Lawson (1982) 

prefers the term “sediment-gravity flows” to describe flow till deposits as he defines till as a 

sediment deposited directly from glacier ice, which has not subsequently undergone 

disaggregation and resedimentation. He also notes that sediment-gravity flows can involve 
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different forms and mechanisms of grain support and transport during movement and that 

sediment-gravity flows themselves are not erosional in the depositional area.  This distinction 

between tills deposited directly by ice and ice marginal sediment gravity flows has gained broad 

acceptance in the literature (Hambrey and Glasser, 2003). 

Ablation tills (Eyles et al., 1983) are less common. The term ablation till is a generic name for 

sediments that result from meltwater reworking on the ice surface where large boulder and 

cobble sized clasts become enriched and fine grained material is removed.  However, the 

preservation potential of these deposits is debatable as they are likely to be remobilized as flow 

tills. 

Landforms Associated with Supraglacial Lithofacies Models 

Models for deposits found within hummocky moraine topography are outlined in Boulton 

(1972), Boulton and Paul (1976), and Paul (1984). Eyles and Eyles (1992) describe supraglacial 

hummocks composed of what they refer to as englacial melt-out diamict. The melt-out diamict 

when deposited supraglacially is very unstable and is moved by sediment-gravity flows into 

depressions, troughs, and kettle basins produced by melting of the buried ice. As well, meltwater 

deposits can form in the lows. The fills are preserved as hummocks when the adjacent ice cores 

melt in the process known as topographic inversion or relief inversion.   

Paul (1984) originally provides examples of three typical vertical profiles through hummocks: 

one dominated by sediment-gravity flows, one dominated by meltwater deposits, and one with 

both sediment-gravity flows and meltwater deposits. As well, these fills include conformable, 

resedimented massive to graded and stratified diamict at the surface (Eyles and Eyles, 1983; 

1992; Paul, 1984). Other characteristics of trough fills include:  clast imbrication, clasts that 
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project from the tops of beds, rafts of pre-existing sediments, beds with channelized cross-

sectional form, and lenticular downslope-thickening beds. Overall, massive and crudely bedded 

diamict facies from sediment-gravity flows predominate often interbedded with glaciofluvial and 

lacustrine facies. At the base of the vertical profile are often basal melt-out tills, lodgement tills, 

or bedrock rafts. 

Potentially associated with the supraglacial environment are kames. Kame deposits are irregular 

glaciofluvial hills, given the name kame because they show sedimentary characteristics typical of 

fluvial processes, without having the geometry or distribution of typical glaciofluvial deposits. 

Often the origin of kame deposits is supraglacial deposition in crevasses or supraglacial deltas 

(Benn and Evans, 2010). Crevasse deposits often show irregular deposition at their bases and a 

degree of deformation (Bradzikowski and van Loon, 1987). Preservation of these deposits is 

questionable because they can only be preserved if the ice and crevasse are relatively stationary 

during ice retreat. The origin of deposits mapped as kame in the Guelph area by Karrow (1968, 

1987) are not well defined because they have not been studied in any detail and because very 

little subsurface information is available. 

2.5.5 Englacial 

Boulton (1972) is one of the few works that describes a potential mechanism for englacial debris 

to be preserved. The melting of thick masses of debris-filled ice buried beneath supraglacial 

sediments is observed to give rise to tills that retain some elements of their original englacial 

structure. 

In the englacial deposit preservation process, glacial ice melts from the top downwards forming 

melt-out tills above the melting ice surface but below a confining overburden. Without this 
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sediment overburden, the newly released till would likely be considered a supraglacial deposit. 

The sediments beneath which englacial melt-out tills are formed may be glacial outwash or a 

supraglacial flow till. Boulton (1972) also states that many flow tills will grade down into 

englacial melt-out tills. However, the preservation potential of these is questionable (Evans et al., 

2006) 

Boulton (1972) also observes stratified sediments produced from englacial streams (similar to 

subglacial tunnel channels). The resulting landform is an esker with a few potential 

morphological differences that could distinguish it from a subglacially derived esker. Similar to 

subglacial channels, the englacial streams form in tunnels within the ice. When the ice melts, the 

flanks of the deposits often slump because the walls of the tunnel are no longer supporting them. 

However, because ice also underlies these deposits, the final melting of this irregular underlying 

ice leads to differential settling of the overlying sediments and the formation of fault planes and 

flexured bedding throughout, rather than solely at the edges of the channel deposits.   

2.5.6 Ice Marginal 

Ice marginal settings are likely characterized by a variety of depositional processes already 

outlined above (e.g. sediment gravity flows, meltwater flow, deformation by ice and ponding; 

however, they come together to be recognized in patterns that make them unique, specifically in 

the case of ice-cored end moraine complexes (Boulton, 1972).  This setting and its associated 

processes and deposits are therefore thought to be most relevant for the Guelph area of the Paris 

moraine.  

Glaciofluvial and glaciolacustrine processes are active in this environment, as are subaerial 

sediment-gravity flows. The term subaerial sediment-gravity flow is a more appropriate term 
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than flow till as discussed in the supraglacial section above. Lawson (1982) presents four types 

of subaerial sediment-gravity flows based on physical properties that are active in the summer at 

the Matanuska Glacier, Alaska.  The Matanuska Glacier terminates at an ice-cored marginal zone 

developed by repetitive localized advance and retreat as well as thrusting of active ice over 

marginal stagnant ice. Sediment-gravity flows were estimated to account for approximately 50 to 

75 % of the volume of material deposited at the ice margin of this glacier over the course of his 

research.  

Type I subaerial sediment-gravity flows have a low water content (11-17%), high bulk density, 

and are matrix-dominated with a pebbly sandy silt matrix. They are cohesive, not erosive, and 

lack internal deformation. Type II subaerial sediment-gravity flows have moderate water content 

(17-24%) and a texture comparable to type I deposits. However, they can be distinguished by 

traction gravel at the base, a decrease in gravel content with height, and a thin silt layer at the top 

deposited by sheet flows. They are the most predominant form of sediment-gravity flow at the 

glacier terminus. Type III subaerial sediment-gravity flows have moderate water content (25-

33%) and are erosive and contain deformation throughout. Type IV subaerial sediment-gravity 

flows have the highest water content (35 to 70%), are finer grained with a homogeneous texture 

predominantly of sandy silt to silty sand. They are massive or sometimes normally graded with 

some pebbles and granules carried in traction at the bed.  As well, the type IV subaerial 

sediment-gravity flows occur almost continuously during the daylight in summer from areas of 

debris poor ice.  Preservation potential of these deposits varies but accreted flow deposits can 

form deposits reaching 10s of meters thick (Lawson, 1982). These processes and deposits are 

likely very significant in the Paris moraine area due to the abundant debris and meltwater 

associated with temperate ice margins such as the Laurentide Ice Sheet.  
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In the end moraine complex at Ragnarbreen, Svalbard investigated by Ewertowski et al. (2012), 

five main sedimentary units are found. The first is a clast-supported, massive diamicton debris 

flow deposit interpreted as sediment-gravity flow type I (Lawson, 1982); it is common in the 

outer moraine ridge subzone. The second is a matrix supported, massive diamicton interpreted as 

diamicton that was redeposited by debris flows. These are common to all subzones of the end 

moraine complex. The third are glaciofluvial sand and gravel, interpreted as deposited in a 

variable, glaciofluvial environment. These are observed throughout the end moraine complex. 

The fourth are deformed subaqueous silt and sand, interpreted as deposition in a glaciolacustrine 

environment with low-energy sedimentation, specifically, small ponds, that were deformed as a 

result of melting moraine ice cores. These are common in the hillocks of the culmination 

moraine ridge subzone. The fifth are undeformed subaqueous silt and sand interpreted as 

deposited in small, short lived ponds. These are common in contemporary depressions 

throughout the end moraine complex. 

Johnson and Gillam (1995) in their study of end moraines from an alpine glacier in Colorado, 

observe many silty, gravelly, cobble- and boulder-rich diamicton beds, interbedded with sorted 

sediments that pinch out, with a mostly massive structure and hints of partings of silt and clay 

deposited on the distal slope of the moraine. Pebble fabrics in this diamict weakly dip down the 

distal slope perpendicular to the moraine crest. The silt-rich, matrix-dominated, diamicton is 

interpreted as gravity flow deposits and the interbedded sand and diamicton is characteristic of 

fluvial/debris flow deposits. Additionally these sediments lack deformation. Thus, these moraine 

sediments are interpreted as a prograding apron.  
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Johnson and Gillam (1995) also see a banded matrix-dominated diamict in the moraines. The 

matrix of this diamict is a pebbly loam; pebble fabric dips perpendicular to the moraine crest. 

The bands are laterally continuous with gradational contacts that dip up valley.  This banded 

diamict is interpreted as a melt-out till deposited from the base of the glacier, and is the result of 

annual fluctuations in glacial advance and retreat.  In addition, they see evidence of interbedded 

glaciolacustrine clay and they interpret the whole system of end moraines as ice-marginal, 

proglacial aprons. Thus, subglacial meltout processes and deposits are evident but did not play a 

large role. 

The interbedded coarse debris flows and melt-out till of Johnson and Gillam (1995) suggests that 

the ice margin fluctuated on the scale of a few meters, resembling annual movements of modern 

glaciers. They interpret these debris flows to indicate rapid formation of the moraine occurring 

after much of the pro-moraine outwash was deposited or the outwash would have been eroded. 

Johnson and Gillam (1995) anticipate that many more moraine ridges were formed by this 

system; however, as the meltwater streams migrated back and forth, these ridges were eroded.  

In summary, existing studies have shown that end moraines characterized by hummocky 

topography like the Paris moraine are difficult to classify geomorphologically.  Processes such as 

meltwater, sediment gravity flows, deformation by ice and ponding are all important in the 

development of ice marginal moraines and these processes lead to a wide variety of materials 

and an equally wide variety of moraine types.  In the Guelph context, the Paris moraine is 

therefore expected to contain variable sediment types deposited by the retreating Ontario lobe 

during the Mackinaw phase/interstadial.  These moraine deposits in turn may be associated with 

drumlinized till plains, glaciofluvial sand and gravel and glaciolacustrine fine-grained sediments.  
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2.6 Hydrogeological Analysis of Moraines in Ontario 

Moraines in Southern Ontario have been the focus of many hydrogeological studies as they are 

often considered important zones for recharge and because some moraines host complex multi-

aquifer systems heavily used by nearby urban centres (Howard et al., 1997; Russell et al., 2001; 

Sharpe et al., 1996, 2000, 2004; Bajc and Shirota, 2007; Russell et al., 2009; Blackport, 2009, 

Bajc and Dodge, 2011). One of the moraines, which has received a lot of attention is the Oak 

Ridges Moraine (ORM), located just north of Toronto.  Unlike the Paris end moraine, the ORM 

is an interlobate moraine composed of abundant stratified sediments that were deposited between 

several ice lobes of the Laurentide ice sheet (Barnett et al. 1988). The moraine has been studied 

extensively in the context of regional and local groundwater studies using outcrop, boreholes, 

and geophysical methods (Boyce et al., 1995; Barnett et al., 1998). As well, the subsurface 

stratigraphy of the ORM has been modelled using the Ontario Ministry of Environment (MOE) 

water well database (Russell et al., 1998; Sharpe et al., 2004).  

These studies have been carried out to develop a better understanding of the geological 

framework of moraines. Russell et al. (2001) and Sharpe and Russell (2006) discuss the 

importance of having a conceptual geologic model and detailed facies analysis that can provide 

control and guidance to hydrogeologic models. Traditional lithofacies models have been 

repurposed by Anderson (1989) to create conceptual models of hydrogeologic facies for glacial 

meltwater deposits and tills. In the Guelph area, models for subglacial environments (basal 

lodgement till and basal melt-out till) and supraglacial environments are likely relevant for the 

Paris moraine. However, as this method assumes each lithofacies is a homogeneous, anisotropic 

hydrogeologic unit (Anderson, 1989), this approach should be used with caution. Nonetheless, 
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the Anderson (1989) approach provides a framework with which to conceptualize the 

hydrogeologic significance of deposits in various glacial settings. Additionally, Stephenson et al. 

(1988) provide a review of hydraulic conductivity values of glacial deposits from the literature 

that can be used to better understand the hydraulic function of these glacial environments.  
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3.0 Study Design and Methods 

Three different steps were taken to investigate the geology of the Paris moraine and achieve the 

goals laid out for this research. The first step was geomorphic mapping to allow sediment 

landform relationships to be established. This involved an iterative process combining the use of 

a Geographic Information system (GIS) for terrain mapping, qualitative groundtruthing, and 

high-resolution G.P.S. surveys. The second step was the collection of high-resolution sediment 

cores and involved choosing the study sites, corehole drilling, and grainsize analysis. The third 

step was the development of lithologic cross-sections based on existing and new subsurface 

boreholes and involved the digitizing of borehole logs, the development of a subsurface 

database, and manipulating the data using subsurface data visualization software (RockWorks 

15). 

 

3.1 Geomorphic Mapping 

Geomorphic mapping of the Paris moraine was completed through three different approaches in 

an iterative manner. The first was the use of ArcGIS  to analyse several datasets, namely: 

airphotos from the Southern Ontario Orthographic Imaging Project (SWOOP, 2006), digital 

elevation models or DEM (Provincial Digital Elevation Model, 2007), and surficial geology 

maps (Surficial geology of Southern Ontario, 2010). These datasets were used to subdivide the 

landscape around the Paris moraine into mappable geomorphic elements. The second was 

groundtruthing consisting of driving roads that run longitudinal and transverse to the Paris 

moraine. The third was high accuracy global positioning system (G.P.S.) elevation transects of 

the Paris moraine.  
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3.1.1 Terrain Mapping of Geomorphic Elements 

A novel classification scheme, modified from Sadura et al. (2006), Paul (1983), Kryszkowski 

and Zielinsky (2002), and Andrzejewski (2002), was developed for the Paris moraine. In this 

investigation, the Paris moraine is subdivided into outwash, frontslope, hummocky, backslope, 

flats, undifferentiated high relief, undifferentiated low relief, and moraine gap geomorphic 

elements.  

Based on the groundtruthing and analysis of various GIS-based datasets, boundaries of the Paris 

moraine geomorphic elements were drawn using ArcGIS software. Where private land 

ownership and forest prevented groundtruthing or obscured landforms, the orthographic imagery, 

the provincial digital elevation model (DEM), and the hillshade and slope angle raster were used 

to supplement the groundtruthing data. The G.I.S. mapping and analysis was completed using 

ArcGIS (v 9.3) software. 

ArcGIS was used to calculate statistics of the individual geomorphic elements. The statistics 

were calculated using the 3D Analyst, zonal statistics tool. Polygons of the geomorphic elements 

were converted to rasters and used to define the area in the DEM and slope angle rasters. This 

allowed for the area, maximum and minimum elevation, as well as the maximum and mean slope 

angle to be calculated for each geomorphic element.  

3.1.2 ArcGIS 

ArcGIS datasets were used to pick drilling sites as well as analyze and map the geomorphic 

elements of the Paris moraine. Recent orthographic imaging (SWOOP, 2006) of the Paris 

moraine south of Guelph was obtained from the Data Resource Centre at the University of 

Guelph and was used to identify landforms and to reduce time spent in the field groundtruthing. 

They were particularly useful for identifying possible swampy depressions and kettle lakes 
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because their surroundings remain densely forested despite clearing of adjacent lands for 

anthropogenic uses. 

A digital elevation model of the Guelph area (Provincial Digital Elevation Model, 2007) was 

used to help delineate geomorphic elements in areas not accessible by groundtruthing. The DEM 

dataset has a horizontal grid (raster) of 10 m in the study area. The DEM raster dataset was 

modified using the 3D Analyst tool in ArcMap to produce a hillshade and slope angle raster. 

This was done to visually emphasize changes in slope and to quantitatively analyze the Paris 

moraine’s morphology. 

Surficial geology data from the Ontario Geologic Survey (OGS) (Surficial Geology of Southern 

Ontario, 2010) was used in some instances when the DEM and groundtruthing could not alone 

define a boundary and/or if the surficial geology offered evidence towards significant changes in 

geomorphic processes. The dataset contains surficial deposit types, material types, geological 

features and general bedrock types and outcrops. The data used to create these maps was taken 

from 1:50 000 scale Quaternary maps completed by the OGS and Geological Survey of Canada 

(GSC) for southern Ontario over the past 40 years. 

3.1.3 Qualitative Groundtruthing Descriptions and Photography 

The focus of groundtruthing was to help delineate the geomorphic elements as well as 

qualitatively describe spatial variability across the Paris moraine. Transects across the moraine 

were primarily conducted by driving across the roads and hiking trails that run both transversely 

and longitudinally over the moraine and making qualitative descriptions of the changes to the 

terrain. Traverses were completed starting at the southern most road within the study area (east 

of Cambridge) and then traveling to the northern most road in the study area (near Eden Mills, 
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Figure A1, A2). Notes were taken regarding the physical attributes of the Paris moraine 

including slope angle, nature of high relief (the existence and character of hummocks), as well as 

where the slopes begin and end, flat areas within the moraine, and the presence of valleys with or 

without underfit streams.  

 While groundtruthing, a photographic inventory of landforms and geomorphic elements in the 

area south of Guelph was also taken. UTM coordinates and camera azimuth were recorded for 

each photo. 

3.1.4 High Resolution GPS Surveys 

To quantitatively investigate the geomorphic elements and to further assess spatial variability in 

topographic changes, high-resolution GPS elevation surveys of the Paris moraine were 

completed. Nine surveys were completed transverse to the moraine and three surveys completed 

longitudinal to the moraine by driving along side roads.  

The surveys were completed by Halltech Environmental Inc. and VanHarten Survey using a 

vehicle mounted, network real time kinematic (RTK) GPS (Leica GNSS survey grade 

equipment, including an ATX1230 GG antenna and a RX1250X controller) connected via 

cellular network to receive RTK corrections from the Leica “Smartnet” network. Data was 

recorded approximately every 50 m and points were corrected for antenna height above ground 

surface. A threshold accuracy of 10 cm was used so that any points with an estimated 3D 

coordinate error exceeding 10 cm were not logged. Thus, at times point spacing is greater than 

50 m. Data was imported into ArcMap 10 by Halltech Environmental Inc. staff, and provided in 

UTM NAD83 projection as shape files with orthorectified elevations. To create graphs of the 

surface elevations, data from the shape files were exported into Excel. Horizontal distance 
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between points was calculated in Excel and graphed to compare ground surface elevation 

profiles along the individual traverses.  

 

3.2 High Resolution Sediment Cores 

The majority of geomorphic mapping of the Paris moraine was completed prior to subsurface 

activities in an attempt to guide the subsurface investigation in this complex landform. Drilling 

sites were chosen based on the following criteria: land access, historic OGS surficial geology 

mapping, and location relative to geomorphic elements. Sites both on and off the Paris moraine 

were selected in order to provide stratigraphic context to the Paris moraine subsurface sediments. 

Coordinating fieldwork sites with other researchers within the ORF-RE project was also a 

priority considering the high cost of drilling cored holes.  

3.2.1 Field Activities 

Two types of drilling, PQ coring and roto-sonic were carried out in the study area as sediments 

are extremely coarse and variable, which make for difficult drilling conditions. The PQ coring 

method consists of PQ-size diameter rods extending the length of the drill string to the core 

barrel and cutting bit. The rods are advanced by rotation and drilling mud is used as lubrication. 

Inside the core barrel is a 5 ft long inner tube that locks in place and catches the core sample as 

the drill string is advanced into the subsurface. The inner tube is retrieved through a wireline 

system that is lowered into the drill string and grabs the inner tube to be brought to the surface. 

When the core reaches surface, it must slide out of the inner tube onto a core tray. Sometimes 

this process requires tapping the tube with a hammer; sometimes it necessitates being struck onto 

a piece of wood on the ground.  
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The roto-sonic method combines a rotating and high frequency vibrating drill head that advances 

the drill string. Water is often used as lubrication for the drilling. The drill string consists of inner 

and outer rods, the inner rods are used to retrieve and lower the inner tube attached to the core 

barrel that contains the core sample. When the core reaches the surface, it must slide out of the 

core barrel and into a plastic sleeve usually with the assistance of vibrations from the drill head.  

For logging core during drilling, grain textural classification used for fine grained sediment 

followed the chart outlined in Hubbard and Glasser (Figure 3.1, 2005), whereas classification of 

poorly sorted sediments followed that of Montcrief (1989) as modified by Hambrey (Figure 3.2, 

1994). The standard Wentworth grain size classification was otherwise used for well sorted 

sediment. Since the study area is located in a previously glaciated landscape with outwash plains, 

lithofacies codes by Miall (1978) developed for braided rivers and Eyles et al. (1983) developed 

for glacial deposits were used for logging sediments. As well, the Munsell Colour System was 

used to identify sediment colours consistently throughout the course of research.  

Five boreholes were drilled for this research from June 2010 to October 2011. Boreholes GDC-

2B and VPV-1A were completed with the PQ coring method. Boreholes ARS-1A, TGI-1A, and 

VAN-1A were all completed using the roto-sonic method. Boreholes VPV-1A and VAN-1A 

were completed on the Paris moraine. Boreholes ARS-1A, GDC-2B, and TGI-1A were 

completed off  
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Figure 3.1: Grain size classification for fine sediments, modified from Hubbard and Glasser (2005). 

 

 

Figure 3.2: Classification of poorly sorted sediments used in the study of the Paris moraine, modified 

from Montcrief (1989) and Hambrey (1994). 
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the Paris moraine to provide stratigraphic context, characterize Paris moraine outwash, as well as 

investigate other landforms in the Guelph area that are associated with the Paris moraine. After 

each core was recovered from drilling, it was photographed, logged, and sampled. The process 

varied slightly over time as it was refined (see notes below); however, in general the procedure 

was the same for all cores once they were recovered. The following steps outline the field 

processing of cores:  

1. Immediately when the core is recovered, it is placed in a core box or PVC split and 

labelled with the borehole name, run number, and top and bottom. At this stage, the 

driller’s account of the length and depth of material recovered in the run is recorded. 

2. Once labelled and in a corebox/split, the plastic sleeve is cut open (if necessary) and the 

core is prepared for analysis by using a knife to remove the outer surface of the sample 

that has come in contact with the core barrel and has been affected by downwarping and 

drilling fluids. 

3. A tape measure and colour correction chart is then placed next to the core sample and 

photographs are taken. Photographs are taken of the full run, each one-foot section within 

the run, and any features of interest. The full run photographs of core include a dry erase 

board with the Site ID, Date, Run Number, and Top Depth of run and Bottom Depth of 

run. Photographs of one-foot sections include a small-scale card with the run number and 

direction to the top of the run. An Olympus stylus hand held, waterproof, point and shoot 

camera was used for boreholes GDC-2B and VPV-1A and a tripod mounted Nikon 

D7000 DSLR camera was used for boreholes ARS-1A, TGI-1A, and VAN-1A.  
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4. Interesting features and contacts were marked on the core with golf tees to facilitate 

easier logging and locations for texture sampling. 

5. The core was then logged using standard sedimentological techniques.  Continuous core 

was collected for each borehole; however, at times either because of drilling error or 

sediment type, core was not recovered. At this stage, a detailed account of run recovery is 

made in consultation with the drillers noting presence of slough, poor recovery, and no 

recovery.  

Individual sedimentary units were identified on the basis of their visual physical 

properties including, texture, sedimentary structures, colour and clast characteristics. Pre-

made field forms were used in logging core to maintain consistency and avoid 

overlooking potential characteristics. Any notes that could not be fit into the field forms 

were written in a field notebook. Two different lithology logging field forms were used 

during drilling because of changes made as the forms were refined. 

6. Cores were then put to the side to await sampling with the exception of borehole VPV-

1A, which was sampled immediately after logging.  

7. The entire core is lined up from bottom to top and an initial borehole log is drawn up. 

Sample locations are then finalized based on consultation with all parties involved who 

may wish to take samples for geochemistry or other laboratory tests. An opportunistic 

sampling strategy for sediment sampling was implemented (Lewis and McConchie, 

1994) in which representative sediment samples were taken from each textural change or 

facies found in the core. A representative sample of the core is taken (~ 300 to 500 g of 

material; Gale and Hoare, 1991) to accommodate the collection of a statistically 
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significant amount of bulk sample for lab analysis. Collecting a statistically significant 

amount of gravel or larger material is impossible from these cores and instead a field 

based estimate of gravel is recorded while logging. Polyethylene “zip-lock” bags were 

used for sample collection and labelled with “Sharpie” permanent markers. Borehole 

number, sample depth, and sample number were recorded on the sample bags.  

8. Sample depths were then determined by reconciling measurements of the core in the core 

box with that from the run form data (bottom and top depth of the run). 

9. Finally, multilevel monitoring wells were installed in the boreholes for future use by 

others within the ORF-RE project. 

3.2.2 Cored Hole Limitations and Technical Issues 

The quality of core recovery largely depends on the skill of the driller. However, the number of 

cobbles and boulders expected and the often very poorly sorted, loose, unconsolidated nature of 

the sediments expected in the Paris moraine make for difficult conditions even for the most 

skilled drillers. PQ wireline coring was used in boreholes VPV-1A and GDC-2B. Roto-sonic 

drilling was used in boreholes ARS-1A, TGI-1A, and VAN-1A.  

All drilling methods have their unique set of technical challenges; however, there exists common 

issues with all coring techniques.  Common issues with these methods include loss of sample 

material, mechanical destruction of sediment structure or larger clasts, and secondary 

deformation.   

PQ coring Specific Issues 

When boulders were encountered during PQ coring, core recovery was often poor. Several 

explanations for this exist. First, when the drill bit encounters a boulder, weight is often applied 
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to the drill string, which can displace boulders and surrounding sediments while also preventing 

sediment from entering the inner tube. Second, when a boulder is encountered, the advancement 

of the drilling is slowed significantly, allowing the matrix to be washed away by the circulating 

drilling mud (Figure 3.3a). In this case, all that may be recovered are clean gravel clasts.  

Washed gravels and loss of matrix was inferred by monitoring the amount of drilling mud used. 

If a gravel with no matrix was recovered, and drilling mud use had not changed, then loss of 

matrix was inferred and the section labelled with poor recovery.  In contrast, if gravel with no 

matrix was recovered and and increase in drilling mud use was recorded, then the gravel texture 

was deemed accurate and recorded as observed.   

To remove the core sample from the sampling inner tube, the drillers often resorted to tapping 

the inner tube with a hammer or dropping the tube onto a piece of wood to loosen the core so that 

it could slid onto the split. This forceful procedure is likely to alter sedimentary structureswithin 

the core. Thus, although many of the sand, diamict, and gravel deposits appear massive, this may 

just be a result of the extraction process.   

Another process potentially occurring during PQ coring takes place at the bottom of the hole. As 

the drill bit rotates, the unconsolidated, washed, and often rounded gravel may be rotating as well 

at the bottom of the hole, as indicated from the clasts with multible drill marks, slowing 

advancement of the drill string and mixing previously undisturbed sediments (Figure 3.3b). 

Roto-sonic Specific Issues 

Roto-sonic drilling has a distinct set of disadvantages.  At one site, particular lithologies 

encountered led to significant slumping in the borehole.  Material suspected to be slough from 

the borehole walls (inferred from comparing bottom and top depths of successive runs; Figure
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Figure 3.3: Examples of mechanical alteration of sediments recovered using PQ coring (a, b) and Rotosonic drilling (c, d); a) Sample recovered 

from run 17(15.70 to 16.76 m b.g.s.)  in VPV-1A. Matrix material has been washed from gravel. b) Material recovered from run 15 (13.72 to 

15.24 m b.g.s.) in VPV-1A. Clasts have drill marks on multiple sides indicated by white arrows. c) Slough material (white arrow) from run 15(1) 

(26.82 to 28.35 m b.g.s.) in VAN-1A. d) Lenses of sorted sediment that resemble secondary mechanical features described by Smith and 

Rainbird (1987). From run 19 (13.41 to 14.94 m b.g.s.) TGI-1A. Scale on bottom of dry erase card is in cm.

b 

c 

a 

d 
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3.3c) were recorded as poor or no recovery for the high quality boreholes in this investigation.  

Nonetheless, in general, the roto-sonic drilling in our investigation achieved better recovery than 

PQ wire-line coring.  More importantly for core preservation, the drill head used in drilling ARS-

1A, TGI-1A, and VAN-1A vibrates at 50 000 Hz. The high frequency vibrations of roto-sonic 

drilling can remove primary structures from the core and sometimes replace or overprint them 

with secondary deformation structures (Smith and Rainbird, 1987). Smith and Rainbird (1987) 

provide examples of secondary, sonic drilling induced deformation including downwarping, 

flame deformation, and water escape structures and mechanical sorting of fine sediments into 

stringers and features that resemble lenses. Similar mechanical sorting may explain the sediment 

observed in one of the cores recovered from this study (Figure 3.3d).  

In another instance, a fold structure with a fold axis symmetrical with the core axis and fold 

limbs that are confined to the core diameter was observed (Figure 3.4a). In addition to the 

secondary deformation features identified by Smith and Rainbird (1987), other possible 

secondary alteration was identified. These include a baked or fissile appearance of sediments at 

the bottom of runs and comminution of gravel clasts (Figures 3.4b and 3.4c). The core samples 

that exhibited the baked, fissile appearance were observed steaming after certain sampling runs 

and were too hot to touch. Overheating was therefore assumed to be the cause of a baked, fissile 

appearance when observed at the bottom of core samples or in sections where the 

overconsolidated nature of the deposit made it harder to drill (Figure 3.4c). 
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Figure 3.4: Examples of deformation and alteration of sediments associated with rotosonic drilling: a) 

fold structure (white arrow, outlined in white) with a fold axis symmetrical with the core axis and fold 

limbs that are confined to the core diameter, from run 17 (10.36 to 11.89 m b.g.s.) in TGI-1A. Scale on 

bottom of dry erase card is in cm. b) Comminution of gravel clasts (light to white coloured inclusions), 

from run 24 (17.98 to 19.20 m b.g.s.) in TGI-1A. Diameter of cleaned core is approximately 7.6 cm. c) 

Baked sediment from run 9 (4.57 to 5.49 m b.g.s.) in TGI-1A. 

b 

c 

a 
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3.2.3 Particle Size Analysis 

The poorly sorted glacial diamict under investigation in this research contain variable contents of 

gravel, sand, and mud. These samples are often consolidated and if at all dried out become very 

difficult to disaggregate and very challenging for traditional particle size measurement 

techniques. The most efficient way to deal with these samples, from experience, is to crush the 

aggregates in a mortar and pestle with an up and down motion (Gale and Hoar, 1991) into more 

manageable sizes (< 10 mm) and then soak them in a Sodium Hexametaphosphate solution 

overnight (Kroetsch and Wang, 2007). This allows for removal of the fines from the nooks of the 

gravel particles and further breaks down the aggregates.  

A further challenge associated with these methods, is sample size. Because the samples are 

collected from cores, sample size is often limited. Additionally, some of the sample was used in 

other analyses. What remained was between 100-500 g of sample. Gale and Hoare (1991) state 

in their methods that 100-200 g of sample is required for sieve analysis of sand grade material 

and that silt and clay is to be removed prior to analysis if these fine-grained fractions exceed 5% 

of the sample weight. Confusion arises at this point in their methods because they do not state 

whether 100-500 g of sample is necessary for sieving, before or after the silt and clay has been 

removed. However, as a general rule, Gale and Hoare also state that in splitting a sample, no 

fewer than approximately 100 clasts should be observed in any half-phi fraction. Gale and Hoare 

(1991) also provide a table of maximum permitted loading of a sieve, which shows 11 g at 63um, 

17 g at 125 um, 33 g at 500 um, 47 g at 1 mm, and 67 g at 2mm.  

Based on the sample size collected for this study, there may not be sufficient sample of coarser 

sand to satisfy the requirements of Gale and Hoare (1991) for precise sedimentological work. 

The methods for soil analysis (Day, 1965; Gee and Or, 2002; Kroetsch and Wang, 2007) do not 
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seem to concern themselves with this fact. Instead Gee and Or (2002) and Kroetsch and Wang 

(2007) suggest using 100 g of sample for hydrometer work involving sand and loamy soil to 

obtain reproducible results. These soil analysis methods are based on American Society for 

Testing and Materials (ASTM) and Day (1965).  

A similar method based on the ASTM, as well as the American Association of State Highway 

and Transportation Officials (AASHTO) and U.S. Army Corps of Engineers standards are used 

by Dr. Beth Parker’s bedrock groundwater research group (University of Guelph) for their 

analysis of overburden materials. This method suggests 30 g of material is sufficient for 

sampling (Thompson, 2004; as cited in Gilmore, 2010).  

Based on the existing methods used in the discipline, specific challenges arising from the nature 

of core samples from the Paris moraine, and the methods used by collaborating researchers, the 

following methodology has been created. It includes a split between the gravel/sand and silt/clay 

fractions by wet sieving followed by a dry sieve at full-phi intervals for the sand fraction. This 

approach most closely resembles the particle size analysis methods, with minor changes, of Gale 

and Hoare (1991) and Gilmore (2010).  

1. Disaggregate samples with mortar and pestle in an up and down motion. 

2. Air dry samples overnight at 105°C. 

3. Pre-weigh sampling trays. 

4. Riffle samples into approximately 100 g sub-samples and place one sub-sample into a 

sampling tray and the other back into the sample bag. Place sample bag back into the 

fridge. 
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5. Weigh the sub-sample and tray together. 

6.  Soak the retained sub-sample overnight in 100ml of HMP (50 g/L Sodium 

Hexametaphosphate) solution in an aluminum tray. 

7. Pour tray contents into 2 mm sieve, over a milkshake cup, wet sieve into milkshake cup 

with de-ionized (DI) water until rinse water runs clear. 

8. Mix contents of milkshake cup (<2 mm fraction) in mechanical mixer for 5 min, then wet 

sieve over 63 μm sieve into another milkshake cup to remove sand fraction (<2 mm and 

>63 μm). Rinse out the < 63 μm cup with DI water and retain the < 63 μm sample for 

future analysis if required. 

9. Brush/wash the gravel sieve (>2 mm fraction) and sand sieve (<2 mm and >63 um) 

through a funnel and into the rinsed sub-sample tray for drying the sand and gravel 

overnight @ 105°C 

10. Weigh dry sand and gravel fractions. 

11. Check each sieve under a microscope before each run to check for tears in the mesh. 

12. Weigh each sieve before sieving, before each run. 

13. Assemble sieve stack with -1,0,1,2,3,4 phi intervals. 

14. Pour tray contents into sieve stack and sieve using a mechanical sieve shaker for 10 

minutes. 
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15. Weigh each sieve at the completion of sieving and brush any fines that were not removed 

by the wet sieving into the corresponding < 63 μm sample from wet sieving.  

16. Gravel fraction should be retained in a tray labeled with the sample ID for further 

lithological analysis but is otherwise not used for lab-based particle size analyis as 

explained above. 

Data collected was used to determine sand (1 phi interval) and silt/clay fractions and plotted to 

show particle size distribution at specific down core depths.  This procedure was used in the 

analysis of sediments from VPV-1A and GDC-2B. 

 

3.3 Lithologic Cross-Sections 

Building a subsurface model of the Paris moraine requires more than the five cored holes drilled 

as part of this research. A basin scale sedimentary investigation of the Quaternary sediments in a 

region of Quebec, Canada, was performed by Ross et al. (2005). Webber and van Geuns (1990, 

as cited by Ross et al. 2005) suggest, depending on data distribution and the complexity of the 

geology, approximately 1 to 4 wells/km
2
 are necessary to adequately construct a clastic reservoir 

simulation model. Thus, existing subsurface datasets were investigated to supplement the data in 

boreholes VPV-1A, GDC-2B, ARS-1A, TGI-1A, and VAN-1A.  

3.3.1 Digitizing Logs 

Additional subsurface data used in this study include borehole logs from unpublished reports, as 

well as large government databases. Sources for these data include: 

 Ministry of Environment (MOE) Water Well Database 
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 Ontario Geologic Survey/City of Guelph Tier 3 Wells 

 Local Consultant Hydrogeological/Environmental/Geotechnical reports 

 City Planning Hydrogeological reports 

 Regional Collaborative Hydrological reports 

 Unpublished Holes Drilled by the University of Guelph Groundwater Research Group 

(G360) 

 Unpublished University of Guelph Holes Drilled at the Arkell Research Station  

One thousand four hundred and twenty boreholes were incorporated into the database used in 

this study. Before these data could be incorporated into the database, they had to be digitized. 

Borehole logs are simply graphical representations of the subsurface showing depth and the 

geological material present at that depth (Figure 3.5). The first step in digitizing the logs, was to 

create a standard template for entering the data. Rockworks, a standard software application used 

to manage and analyse subsurface data, was chosenfor this investigation.  

Thus, the Rockworks database template was copied and used from the beginning to easily import 

the data into Rockworks at a later date (Figure 3.6). For the purposes of this research, the 

template included two Excel sheets within a single file, one for location data and one for 

lithology data. On the lithologic sheet, start and end depth of a material is recorded as “Depth1” 

and “Depth2” respectively. Associated with these depths is a lithologic descriptor. As well, any 

notes associated with that depth interval are recorded in a “Comments” field. At this stage, as 
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Figure 3.5: An example of a scanned borehole log for a hydrological/geoenvironmental/geotechnical 

report. Logs were digitized for use in the Rockworks database. 
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Figure 3.6: An example of a digitized borehole log with notes such that as little data is lost as possible. 

 

much information was retained in the digitizing process as possible in case it became relevant for 

future analysis. In the location sheet, UTM coordinates of the borehole are recorded, as well as 

information such as the elevation, source, and original well ID number.  If the boreholes lacked 

location or elevation data, this data was obtained by using the site plans included in the reports 

and cross-referencing these maps to a base map created in ArcMap. 

 As the MOE (Ministry of the Environment) water well database for Wellington county was 

already in a digital format (Microsoft Access), it was formatted to match the Rockworks 
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template and then exported as an Excel file. The MOE water well database contains archival 

water well records along with a log of the encountered subsurface materials for all wells drilled 

in Ontario that are registered with the MOE. The data in the database was collected by many  

different individuals with different levels of training, using different drilling techniques and often 

without core recovery and for different purposes (e.g. establishing private wells or monitoring 

wells). It is considered low quality in contrast to geotechnical (medium quality) borehole 

records, which are often more specifically concerned with characterizing the nature of the 

subsurface materials. As well, the database descriptors had previously been interpreted and 

standardized when the borehole records were digitized by the MOE. However, it contains a large 

number of records with an immense coverage of the study area that can help to characterize the 

heterogeneity of the subsurface materials. 

3.3.2 Database Development 

A similar task of database development for subsurface modelling was undertaken by Russell et 

al. (1998) who investigated the Oak Ridges moraine (ORM) and produced a regional 3D model 

of the geology and hydrostratigraphy of the ORM. Their use of archival data from geotechnical 

reports and water well records was also born out of the need to complement expensive high-

resolution data and achieve adequate spatial coverage. They explore the extracting of meaningful 

and standardized geologic descriptions from these types of dataset. With regards to the MOE 

water well database they argue that the predominant use of wash-boring drilling is unable to 

obtain the level of detailed description implied by the provided material descriptors along with 

many other issues and limitations. They suggest that descriptors need to be standardized through 

rationalization, and/or reclassification. Rationalization is the process of eliminating low 

frequency use descriptors, simplifying adjective-noun combinations, and reassessing descriptors 
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into appropriate groups. Reclassification is the process of assigning a single, standardized 

material description to each water well unit. Russell et al. (1998) used a rule-based-method to 

guide their standardization. The rule-based method assigns a single material descriptor by 

applying conditional rules to descriptions and integrating descriptors across database columns. 

They concluded that the rule-based method allowed for better extraction of relevant and 

geologically accurate descriptors from the database and that water well record use should be 

solely supplemental. 

Once the data from the Guelph area was digitized, descriptors in the database had to be 

standardized for visualization. The process of standardization reduces the number of unique 

descriptors and allows for the meaningful comparison of many disparate data entries. The MOE 

water well data and the non-MOE water well data were standardized separately because to some 

degree, the MOE water well database was already standardized, albeit with an extremely long list 

of descriptors. In addition, the MOE database is formatted such that a material at a particular 

depth may have up to 3 descriptors ranked from most to least abundant (Figure 3.7). Thus, this 

data had to be formatted and standardized in a way that it could be modelled in Rockworks and 

compared visually with other data. With this in mind, a list of standardized regionally relevant 

material descriptors were developed for use in the database (Tables 3.1, 3.2). These were 

developed based on standard sedimentological descriptors (see section 3.2.1, Figures. 3.1, 3.2) 

with consideration of Karrow’s regional geological mapping (1968, 1987) as well as the logging 

of GDC-2B and VPV-1A boreholes. This resulted in 14 descriptors; Unknown, Fill, Bedrock, 

Gravel, Sandy Gravel, Sand and Gravel, Gravelly Sand, Sand, Sandy Diamict, Intermediate  
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Figure 3.7: Query from the Access Database containing the MOE water well database. The material 

descriptors begin as three individual, ranked fields before standardization. 

 

Diamict, Muddy Diamict, Muddy Sand, Sandy Mud, Mud. These descriptors allowed for the 

rule-based method of standardization (Russell et al. 1998) to be used. Conditional rules were also 

developed from an understanding of regional geology (Tables 3.1, 3.2).   

However, before these rules were applied, the MOE water well database was filtered for 

boreholes missing location data or location data with an accuracy less than 300 m or with 

location data based on the centre of a lot because they were considered too inaccurate. 

Additionally, it was discovered that at times, the MOE descriptor “Stones” sometimes meant 
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“Bedrock” and sometimes “Gravel”. The intended meaning was determined on a case by case 

basis based on stratigraphic context and the nature of surrounding boreholes. 

The higher quality data inherent within the non-MOE water well database borehole logs along 

with the different layout of the data (often graphical) required modification of some of the  

 

Table 3.1: Conditional Rules for Data Standardization in the Guelph Area 

MOE Water Well Material Descriptors  

Material 1 Material 

2 

Material 3 Additional Comments Standardized 

Descriptors  

Comments 

Gravel* Sand* Clay or 

Silt 

 Sandy Diamict  

Gravel Clay or 

Silt 

Sand  Intermediate 

Diamict 

Clast Rich? 

Clay or 

Silt 

Sand Gravel  Intermediate 

Diamict 

Clast Poor? Likely use clay 

to describe “fines” 

Sand Clay or 

Silt 

Gravel  Intermediate 

Diamict 

 

Clay or 

Silt 

Gravel Sand  Intermediate 

Diamict  

 

Clay or 

Silt* 

Stones* Packed, 

Dense, or 

Hard  

 Muddy Diamict Dense may not be 

appropriate because of 

gravel content 

Previously 

Dug 

~ ~ If > 6ft thickness Unknown  

Previously 

Dug 

~ ~ If < 6ft thickness Use Underlying 

Material 

 

Limestone ~ ~  Bedrock  

Gravel* Stones* Sand or 

Mud 

 Gravel  

Clay* Silt* N/A  Mud  

Clay* Silt* Sand  Mud  

N/A N/A N/A N/A Unknown  

N/A N/A N/A If material is listed in 

comments column, use 

previously defined rules 

  

Clay Gravel* N/A*  Muddy Diamict  

Topsoil N/A N/A If > 6ft Unknown  

Topsoil N/A N/A If < 6ft Use Underlying 

Material  

 

Topsoil ~ ~ If material is listed in 

materials or comments 
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column, use previously 

defined rules  

Slate ~ ~  Bedrock  

Hardpan N/A N/A  Mud Dense, May be over 

interpreted but based on 

common driller definition 

of hardpan   

Hardpan Gravel* N/A*  Muddy Diamict Dense, May be over 

interpreted but based on 

common driller definition 

of hardpan   

Gravel Hardpan ~  Muddy Diamict Dense, May be over 

interpreted but based on 

common driller definition 

of hardpan   

Stones or 

Gravel 

~ ~ If found between 

bedrock layers 
Bedrock  

Other N/A N/A  Unknown  

Till Silt or 

Clay 

N/A  Muddy Diamict  

Unknown N/A N/A Below Bedrock Bedrock If bedrock is found 

overlying an “unknown” 

material, it is given the 

bedrock descriptor  

Peat ~ ~  Mud “Organics” is added to 

comments column 

Till N/A N/A  Intermediate 

Diamict 

Most common till in the 

area is “Wentworth Till”, 

an Intermediate Diamict  

Sand Clay* Silt*  Muddy Sand  

Clay or 

Silt 

Sand N/A  Sandy Mud  

Silt* Sand Clay*  Sandy Mud  

Sand N/A Clay or 

Silt 

 Sand  

Sand N/A N/A  Sand  

Sand Gravel N/A  Gravelly Sand  

Gravel Sand N/A  Sandy Gravel  

Gravel N/A N/A  Gravel  

Gravel N/A Silt, Clay, 

or Sand  

 Gravel  

Bedrock ~ ~  Bedrock  

~ any other descriptor 

*these descriptors are interchangeable but the interpretation remains the same 
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Table 3.2: Non-MOE Specific Conditional Rules for Database Standardization in the Guelph Area 

Primary Materials 

Description 

Additional Comments Standardized Descriptor Comments 

Sand and Gravel  Some silt Intermediate Diamict  

Sandy Gravel Some silt Intermediate Diamict  

Sand and Gravel Trace silt Sand and Gravel  

Sandy Gravel Trace silt Sandy Gravel  

Sand Some silt and gravel Sandy Diamict  

Silty Sand Some gravel Intermediate Diamict  

Mud Trace sand Mud  

Ice  Unknown Frozen water 

Sandy Silt Till ~ Intermediate Diamict  

Clayey Silt Till  ~ Muddy Diamict  

Stoney Silty Sand ~ Intermediate Diamict  

 ~ any other descriptor 

*these descriptors are interchangeable but the interpretation remains the same 

 

rules (Table 3.2) and provided additional information that was in some cases used to more 

accurately interpret material types. Not all rules are listed as in some cases the lithological 

descriptions provided directly matched the standard sedimentology descriptors. Rules are based 

on the same logic that created the MOE database rules to maintain consistency. Standardized 

material types are limited to those identified in the standardization of the MOE database with the 

addition of a sand and gravel descriptor. 

In all, 1420 boreholes and their lithologic descriptors were standardized in this way for use in the 

database. Once the lithology logs were digitized they were imported into Rockworks 15 (Figure 

3.8) to create cross-sections. 

3.3.3 Rockworks Lithologic Cross-Sections 

Of the 1420 boreholes, a subset of 201 boreholes was used in creating lithologic cross-sections. 

These logs were chosen by using the swath function (which selects all wells within “x” m of a 

line to be displayed in a cross-section) along an area of interest in the 2D, Multi-Striplog Profile 

tool (Figure 3.9) in Rockworks. Boreholes that were chosen from the swath were biased towards  
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Figure 3.8: Rockworks database showing lithologic data. 

 

those that were completed in bedrock as well as boreholes that were from the non-MOE 

waterwell database. Once the boreholes for a cross-section were chosen, they were re-drawn by 

using the Multi-Log Section tool, which allows for the selection of specific boreholes (Figure 

3.10).  

Since the goal of this research is to investigate process-form relationships by investigating the 

sedimentology and geomorphology of the Paris moraine, cross-sections were chosen to straddle 

the individual geomorphic elements identified through the geomorphic mapping.  
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Figure 3.9: The Multi-Log Profile tool is used as the first step in selecting wells for the cross-sections. 

The square contains all boreholes within “x” meters of the center line along the A-A’ transect selected by 

the swath tool. The results are plotted in cross-section below the square. A subset of these boreholes is 

chosen to develop the final cross section, favouring deep boreholes that reach bedrock, and maximizing 

the number of non-MOE water well boreholes. 
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Figure 3.10: The Multi-Log Selection tool is used as the second and final step in creating the cross-

sections. Boreholes are selected individually based on observations from the swath produced by the 

Multi-Log Profile tool. 
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Twenty-three cross-sections were produced, 4 over the outwash, 3 over the frontslope, 5 over the 

hummocky, and 5 over the backslope elements. An additional 6 select cross sections that overlap 

several geomorphic elements were created to examine smaller scale changes in lithology or 

geomorphic features that were not captured in the other cross-sections.  

The ground surface profile was modeled by the Rockworks software using a Kriging algorithm 

that modeled the surface taking into account the surface elevations of the entire 1420  boreholes 

in the database.  This modelled surface was then added to the cross-section using a red line to 

provide a first order reference point to the sections. 

In Rockworks, some editing of the database took place. The study focused on the Quaternary 

sediments, thus, bedrock was truncated to show only the top several meters when found to be 

significantly deeper to make the scaling of the cross-sections more visually appealing. As well, 

where gravel overlaid bedrock and bedrock depth below ground surface varied significantly from 

surrounding wells, it was investigated to determine if the term “Stones” was interpreted as 

“Gravel”, when in fact it should have been “Bedrock”. 

Depth statistics for the different lithology types were calculated by creating a separate lithologic 

database in Microsoft Access and querying the borehole data for each cross-section. Only 

boreholes within the geomorphic elements of interest were used in calculating statistics for the 

individual cross-sections. 
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4.0 Results 

4.1 High Quality Boreholes 

The results of five high quality cored holes (boreholes) GDC-2B, VPV-1A, ARS-1A, TGI-1A, 

and VAN-1A (Figure 4.1.1) are used for sedimentological investigation of the Quaternary 

material in the Guelph Area.  The lithofacies observed in the study area have been grouped as 

gravel, diamict, sand, and mud. The gravel facies have been subdivided by sorting and where 

possible, sedimentary structure. Diamicts can be divided into two distinct lithofacies in this study 

area based on their level of consolidation. The sand facies can be grouped according to sorting 

(well sorted vs. moderately sorted) and sedimentary structure. Strictly defined thick mud deposits 

are rarely observed in the Paris moraine in the Guelph area and are grouped into two mud 

lithofacies based on the type of sedimentary structures (laminated or massive). Many facies 

appear massive in the field.  However, as discussed in section 3.2.2, this may be a result of the 

drilling process. This limitation suggests that some sediment will not be identifiable as distinct 

lithofacies. 

4.1.1 High Quality Boreholes Lithofacies  

Very poorly to poorly sorted gravel (Gm, Gc) has variable matrix content such that clast-

supported and matrix-supported gravel often occurs together in the same deposit, sometimes 

grading into clast-rich diamict (Figure 4.1.2a). These gravels are very poorly to poorly sorted. 

They are characterized by very angular to round clasts, gradational contacts at the base and top, 

and commonly contain mud and diamict interbeds.  

Sandy gravel (Gms, Gm) has a sandy matrix, contains sand interbeds and has sharp lower 

contacts. This gravel is moderately to well sorted. Some crudely bedded intervals are 
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Figure 4.1.1: Map of the Guelph area with the locations of the five high quality boreholes; ARS-1A, 

GDC-2B, TGI-1A, VAN-1A, and VPV-1A. 
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Figure 4.1.2: Photos representative of borehole lithofacies: a) poorly sorted gravel (Gm, Gc) from VPV-1A Run 1 (0 to 0.76 m b.g.s.); b) sandy 

gravel (Gms, Gm) from VAN-1A Run 9 (13.11 to 14.63 m b.g.s); c) clast-rich sandy and intermediate diamict (Dms, Dmm) from GDC-2B Run 5 

(3.58 to 4.88 m b.g.s); d) over-consolidated muddy diamict (Dmm) from GDC-2B Run 16 (12.50 to 14.02 m b.g.s). 

b 

c 

a 

d 
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common (Figure 4.1.2b) with bedding evident by changes in sorting, grain size, and gravel 

content. This gravel has very angular to round clasts. 

 Clast-rich sandy and intermediate diamict (Dms, Dmm) have a matrix texture that ranges from 

sand to silty sand and is only muddy over small intervals (Figure 4.1.2c). This lithofacies is also 

often associated with sand and gravel interbeds.  As well, crude layering (related to changes in 

gravel size and abundance) is occasionally observed, but most units are massive except for the 

intermittent interbeds. Sorting is very poor to poor and clast shape ranges from angular to 

subrounded with moderate to low sphericity. Gravel clast size is very variable ranging from 

granule to cobble or greater than the diameter of the core barrel.  While most of this lithofacies is 

considered to not be overconsolidated, some units gradually become denser with increasing 

depth below ground surface. 

Over-consolidated muddy diamict (Dmm) is the second type of diamict found within the high 

resolution cored holes (Figure 4.1.2d). The texture of the matrix of this diamict is predominantly 

muddy; however, it can also be a sandy mud. It is well to poorly sorted and contains granule- to 

pebble-sized, subangular to round gravel clasts of moderate to low sphericity. This facies is very 

dense and is clast poor. Occasionally, it contains sandy mud and sand interbeds as well as bullet-

shaped, striated, and/or faceted clasts.  

Well sorted sand (Sm, Sg) is sometimes normally graded and can contain pebbles but is 

otherwise massive (Figure 4.1.3a). Grain size ranges from very fine- to very coarse-grained sand.  

Moderately sorted muddy sand (Sm, Sg) is also sometimes normally graded but is characterized 

by a high content of finer-grained sand, rarely contains coarse or very coarse sand, and often has 

a relatively high percentage of mud (up to 40-50%; Figure 4.1.3b). This muddy sand lithofacies  
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Figure 4.1.3: Typical sand and mud lithofacies: a) well sorted sand (Sm, Sg) from ARS-1A Run 6 (7.01 to 

8.53 m b.g.s); b) moderately sorted muddy sand (Sm, Sg) from VPV-1A Run 26 (27.43 to 28.96 m b.g.s); 

c) massive silt and mud (Fm) from VAN-1A Run 12(2) (22.25 to 23.77 m b.g.s). 

b 

c 

a 
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and the massive mud lithofacies are occasionally found together. Its close association with the 

massive mud lithofacies distinguishes it from the well sorted sand lithofacies. 

Stratified sand (Sh) is characterized by faint horizontal planar laminations and normally graded 

sand interbeds. They are well to moderately sorted with very fine to very coarse-grained sand. 

Mud interbeds can be found in these stratified sands. This facies is often found associated with 

the moderately sorted muddy sand lithofacies and the faintly laminated sandy mud lithofacies.  

Faintly laminated sandy mud (Fl) is characterized by faint horizontal planar laminations and 

normally graded sediments (Fg). It is predominately moderately sorted.  Because of the faint 

nature of these structures they are not visible in photographs. Grain size is predominantly silt 

with very fine to very coarse-grained sand. It is most commonly found as interbeds in other 

facies. In contrast, massive silt and mud (Fm) contains combinations of silt- and clay-dominated 

fine sediments Figure 4.1.3c), although, generally silt dominates over clay. It represents any 

muddy sediment that does not have Fl/Fg sedimentary structures. 

 

4.1.2 High Quality Borehole Stratigraphy 

ARS-1A (Arkell Research Station) 

The core recovered at this site was logged on September 12, 2011 (Figures 4.1.4 and 4.1.5). It is 

located on the grounds of the University of Guelph Arkell Research Station.  

Geomorphologically, it is positioned north of the Paris moraine (Figure 4.1.6) and on an area 

mapped as outwash by Karrow (1968). 

Bedrock is found at 11.59 m below ground surface (b.g.s.). The bedrock itself was found to be 

highly fractured containing both mechanically-generated and natural fractures. The bedrock and 
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Quaternary sediment contact is an abrupt erosional contact without any concentration of bedrock 

clasts entrained in the overlying sediments. 

Clast-rich sandy and intermediate diamict lithofacies (Dmm) are found overlying the bedrock 

from 11.59 to 7.10 m b.g.s. Its matrix is silty sand, and its colour ranges gradationally from weak 

red to yellowish brown. Sorting varies from poor to moderate and clast roundness varies from 

very angular to rounded. Average gravel clast size ranges from a visually estimated average of 7 

to 10 mm to a maximum in excess of 70 mm (greater than the diameter of the core barrel). The 

unit is denser at the base and becomes less consolidated towards the top. 

 

 

Figure 4.1.4: Legend for high quality borehole logs. 
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Figure 4.1.5: Borehole log of ARS-1A. See figure 4.1.4 for legend. P. R. = poor recovery. 
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Figure 4.1.6: Map of the high quality borehole locations on a hillshade DEM to provide topographic 

context to the borehole location . TGI-1A and GDC 2B are located in the drumlinized till plain. ARS 1A 

is located within the outwash plain in front of the Paris moraine. Van 1-A and VPV-1A are both located 

on the hummocky element of the Paris moraine.  Base map is of hillshade created from the provincial 

DEM (Provincial Digital Elevation Model, 2007) where northwest slopes are white and southeast slopes 

are black. 
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Above the clast-rich sandy diamict unit, separated by a sharp contact, is a unit of the well sorted 

sand lithofacies (Sm) from 7.10 to 6.49 m b.g.s. This unit has a predominantly gravelly sand 

texture and is dark brown. Sorting is moderate and clast roundness varies from very angular to 

rounded. The average gravel clast size ranges from a field estimate of 7 mm to a maximum width 

of 70 mm. 

 Sandy gravel lithofacies (Gm, Gms) are found above the gravelly sand unit from 6.49 to 0.85 m 

b.g.s., separated by a poor recovery interval. This sandy gravel unit contains a silty sand matrix 

and its colour ranges from light gray to brown. Sorting is poor and clast roundness varies from 

very angular (mechanically fractured by the drilling process) to well rounded. Average gravel 

clast size ranges from a visually estimated average of 4 to 16 mm to a maximum in excess of 70 

mm (greater than the diameter of the core barrel). Within this unit are interbeds of dark brown, 

moderate to well sorted sand, 8 to 10 cm thick. The unit is crudely bedded from 5.49 to 2.44 m 

b.g.s. as defined by layered changes in sorting, grain size, and abundance. 

Above the sandy gravel unit, separated by a sharp contact is the soil profile from 0.85 to 0 m 

b.g.s. The soil texture is mud and the colour ranges from brown to dark brown. 

ARS-1A Interpretation  

The clast-rich sandy and intermediate diamict unit (Dmm) lies above bedrock and at the base of 

the Quaternary sediments in ARS-1A from 11.59 to 7.09 m b.g.s.  In ARS-1A this lithofacies 

includes a clast-rich sandy diamict unit with a predominately silty sand matrix. In this 

stratigraphic position, this lithofacies can be interpreted as a subareal sediment-gravity flow 

(Boulton, 1972, Boulton and Paul, 1976, Lawson, 1982) because it is ungraded and poorly 

sorted. Melt-out tills, an alternative explanation for this lithology, are typically not produced 
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beneath flat lying outwash deposits (Boulton, 1972), which are found above this lithofacies.  

Likewise, a subglacial traction till interpretation is deemed unlikely because of the 

unconsolidated and coarse nature of the sediment. Mutliple diamict beds might be inferred in this 

unit from the colour changes. 

The overlying moderately sorted gravelly sand unit from 7.10 to 6.49 m b.g.s. cannot be 

definitively interpreted without stratigraphic context or sedimentary structures.  However, this 

unit, most likely represents glaciofluvial conditions because of its sorting, range of clast shape 

and geomorphic context.  

From 6.49 to 0.85 m b.g.s., is a poorly sorted gravel unit (Gm, Gms) with no recovery at the 

base. This unit includes some crudely bedded sandy gravel with interbeds of moderate to well 

sorted sand. This lithofacies can be interpreted as either high-energy sediment or stream flows 

(Maizels, 1989; Maizels, 1993; Maizels, 1997; Kryskowski and Zielinski, 2002).  

The sediments in this borehole suggest a transition from the environment that deposited the basal 

diamict to the environments responsible for the vertical accretion of the gravel. The borehole is 

located north of the Paris moraine, on the outwash element immediately in front of the moraine 

frontslope, which at this site was characterized as an end moraine fan (Sadura et al., 2006). The 

vertical profile of this borehole matches those documented from the distal reaches of subaerial 

fans, specifically the type B or type C fan presented by Kryskowski and Zielinski (2002). 

TGI-1A (Turfgrass Institute) 

The core recovered at this site was logged on September 14, 2011 (Figure 4.1.7). It is located on 

the grounds of the University of Guelph Turf Grass Institute in an area used for agroforestry 
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Figure 4.1.7: Borehole log of TGI-1A. See figure 4.1.4 for legend. N. R. =no recovery.
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research. Geomorphologically, it is positioned north of the Paris moraine (Figure 4.1.6), on the 

side of a drumlin as mapped by Karrow (1968). 

Bedrock is found at 19.82 m b.g.s. The bedrock is fractured at the bedrock- Quaternary sediment 

interface. Instead of a sharp contact, the contact is marked by many fractured bedrock clasts 

(potentially machine fractured) up to 19.05 m b.g.s.  

Overlying the bedrock, from 19.82 to 5.79 m b.g.s. is a muddy diamict unit (Dmm). This unit is 

variable from clast-poor to clast-rich. The matrix ranges from sandy mud to muddy sand, with a 

general coarsening upward trend. The unit becomes a predominately intermediate diamict by 10 

m b.g.s. 

The diamict in this unit is dense but becomes less so with height above bedrock. The colour 

ranges from grayish brown to yellowish brown, including a weak red section from 8.38 to 7.87 m 

b.g.s. where the matrix becomes muddy sand as well. Sorting varies from very poor to moderate 

and clast roundness varies from very angular to rounded. Average gravel clast size ranges from a 

visually estimated average of 3 to 10 mm to a maximum in excess of 70 mm (greater than the 

diameter of the core barrel). Within this unit there are interbeds of sand. Two significantly thick 

sand interbeds are found at 14.94 to 13.41 m b.g.s. and 6.98 to 5.79 m b.g.s. The sand interbed at 

14.94 to 13.41 m b.g.s. exhibits reverse grading over its entirety. The sand interbed at 6.98 to 

5.79 m b.g.s. is normally graded from sandy gravel at the base to sand towards the top (Sg). 

Apart from these larger interbeds is a 0.22 m sand interbed at 8.38 m b.g.s., that is also normally 

graded (Sg). The upper sand interbed (6.98 to 5.79 m b.g.s.) is the boundary between the muddy 

diamict unit and the overlying clast-rich intermediate diamict. This boundary sand interbed is



97 

 

difficult to associate with either the underlying or overlying unit as it contains sharp boundaries 

on both contacts, the bottom contact consisting of a single cobble or greater size gravel clast 

(Figure 4.1.8). It is considered associated with the muddy diamict unit because of the similar 

interbed within the unit at 14.94 to 13.41 m b.g.s. 

A clast-rich intermediate diamict unit (Dmm) is found from 5.79 to 1.52 m b.g.s. This unit 

contains silty sand matrix and varies in colour from light yellowish brown to dark yellowish 

brown. Sorting varies from poor to very poor and clast roundness varies from very angular to 

rounded. The average gravel clast size ranges from a field estimate of 3 to 8 mm to a maximum 

width of 60 mm. The clast-rich diamict unit is separated by a gradational contact from the 

overlying present day soil profile. From 1.52 to 0 m b.g.s., the soil profile changes in texture 

gradationally from a clast-rich intermediate diamict to a mud and colour ranges from yellowish 

brown to pale brown to dark yellowish brown. 

 

Figure 4.1.8: Sharp contact between sand and overlying clast-rich diamict (not shown) represented here 

by a single cobble or greater size gravel clast in TGI-1A at 5.76 m 
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TGI-1A Interpretation  

Above bedrock and at the base of the Quaternary sediments in TGI-1A from 19.82 to 5.79 m 

b.g.s. is a diamict unit. The diamict is variable, clast-rich to clast poor diamict with sandy mud to 

muddy sand matrix with a general coarsening upwards trend. The diamict in this interval is 

dense. The diamict consists primarily of Dmm facies with interbeds of Sm and Sg. This unit can 

be interpreted as a subglacial traction till (Benn and Evans, 2010), or a melt-out till (either 

englacial or subglacial) because it is dense and is relatively rich in fine-grained material 

(Lawson, 1979; Lawson, 1982; Eyles and Menzies, 1984).  However, clast fabrics and 

indisputable evidence of primary deformation that could confirm a subglacial traction origin are 

not observed in the core. Deformation is observed throughout this core and is consistent with a 

subglacial origin but there is concern that it may have been partially enhanced or entirely created 

by mechanical forces from the rotosonic drilling (Smith and Rainbird, 1987).  This borehole is 

found on a drumlin shaped landform, which could point to a subglacial origin.  However, the 

multiple beds found within this diamict unit suggest the drumlin is composed of pre-existing 

sediments possibly unrelated to the subglacial processes that may account for its geomorphic 

form (Stokes et al. 2011). Thus, the distinction between subglacial traction till and or melt out till 

cannot be made based on geomorphic evidence either.  The thin sand interbeds can be interpreted 

to be minor fluvial reworking at the upper surface of the basal debris zone and possible ice-bed 

decoupling in either the subglacial traction till or meltout till origin (Shaw, 1977; Eyles et al., 

1982; Boyce and Eyles, 2000; Meriano and Eyles, 2009). Notably, no definitive primary 

deformation is seen in the sand interbeds.  
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Clast-rich diamict (Dmm) with a silty sand matrix is found from 5.79 to 1.52 m b.g.s. Without 

sedimentary structures or other diagnostic features this unit cannot be decisively interpreted. 

However, the clast-rich and coarse matrix nature of the diamict along with its position at the 

surface suggest this may be a conformable cap of the drumlin, commonly associated with 

ablation processes (Hart, 1995). 

Thus, in this borehole we see at a minimum, two diamict beds with multiple sand interbeds of 

considerable thickness. Other beds may be present considering the observed colour changes in 

the core but they are not clearly identifiable because of the lack of distinct bounding surfaces 

recovered in the core. Overall, the diamict beds show a coarsening upwards trend in matrix size, 

although gravel clast size remains relatively constant throughout the core.  Gravel content is 

greatest in the diamict above and below the sand interbed at 6.98 to 5.79 m b.g.s.; otherwise, no 

trends are observed in gravel content. Many interpretations of drumlin formation exist in the 

literature including depositional (Nenonen, 1994), deformational (Boyce and Eyles, 1991; Hart, 

1995) and erosional (Shaw, 1983) mechanisms. As no unifying theory exists so far for drumlin 

formation (Stokes et al., 2011), and without a more thorough understanding of sedimentary 

structure, deposit geometry, and the source of deformation of the drumlin sediments (primary vs. 

mechanical) at TGI-1A, interpreting its mechanism of deposition is impossible. However, it is 

possible to interpret the lower diamict unit (19.82 to 5.79 m b.g.s) as representing a distinctly 

separate depositional event than the cap of diamict at the surface (5.79 to 1.52 m b.g.s) of TGI-

1A (Boyce and Eyles, 1991; Hart, 1995; Menzies and Brand, 2007). 

VAN-1A (Vance Tract) 

The core recovered at this site was logged from October 17 to 18, 2011 (Figure 4.1.9). It is 

located on the Vance Tract, a piece of property managed by the Grand River Conservation  
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Figure 4.1.9: Borehole log of VAN-1A. See figure 4.1.4 for legend. N/P.R. = no to poor recovery, N.R. 

=no recovery. 
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Authority. Geomorphologically, it is positioned on the Paris moraine (Figure 4.1.6) and in an 

area mapped as hummocky topography (this investigation) with Wentworth Till at surface 

(Karrow, 1968). 

Bedrock is found at 37.34 m b.g.s. The bedrock is fractured at the bedrock- Quaternary sediment 

interface containing both mechanical and natural fractures. Instead of a sharp contact, the contact 

is characterized by fractured bedrock clasts (possibly mechanically fractured) to 37.10 m b.g.s.  

Overlying bedrock, from 37.34 to 35.98 m b.g.s. is a dense clast-rich muddy diamict unit (Figure 

4.1.10, Dmm). The matrix ranges from predominantly sandy silt to silty sand and colour varies 

from light brownish gray to light gray. Sorting varies from very poor to poor and clast roundness 

varies from angular to rounded. Average gravel clast size ranges from a visually estimated 

average of 3 mm to a maximum width of 21 mm. 

 

Figure 4.1.10: Dense clast-rich muddy diamict unit from 38.00 to 35.98 m in VAN-1A. 



102 

 

Above the clast-rich muddy diamict unit, separated by gradational contact, is a thick sand 

package from 35.98 to 15.70 m b.g.s. (contains distinct beds of Sm Sg, and Sh). The colour of 

the sand unit ranges from grayish brown to dark grayish brown, including a weak red section 

from 32.56 to 32.77 m b.g.s. Sorting varies from moderate to very well sorted. From 23.51 to 

20.73 m b.g.s. is an interbed of sandy mud (Fm). Also within the sand unit are inclusions of 

clast-rich muddy diamict (25.82 to 25.88 m b.g.s., Dmm), muddy (24.48 to 25.18 m b.g.s.) or 

silty sand (19.21 to 19.36 m b.g.s.) and gravelly sand (15.70 to 16.55 m b.g.s.).  From 32.77 to 

32.56 m b.g.s., some faint laminations are observed in the sand 

Above the thick sand package, and separated by an unidentifiable contact in a section of core 

with poor recovery, is a sandy gravel unit from 14.63 to 11.58 m b.g.s. (Gms, Gm). The matrix 

ranges from sand to silty sand and the colour is pale brown. Sorting varies from poor to well 

sorted and clast roundness varies from subangular to rounded. Average gravel clast size ranges 

from a visually estimated average of 10 mm to a maximum width of 70 mm. Crude layering is 

present in this unit. Also within the unit is a sand interbed (Sm) at 13.11 to 13.33 m b.g.s.  Above 

this unit, separated by an unknown contact in a section of core with poor recovery is clast-rich 

intermediate diamict. 

A clast-rich intermediate diamict unit (Dmm, Dms) is found from 11.58 to 0.76 m b.g.s. The 

matrix ranges from silty sand to sandy silt and the colour ranges from pale brown to yellowish 

brown. Sorting varies from very poor to moderate and clast roundness varies from angular to 

rounded. Average gravel clast size ranges from a field estimated average of 3 to 13 mm to a 

maximum in excess of 70 mm (greater than the diameter of the core barrel). Crude layering is 

observed from 5.49 to 3.96 m b.g.s. (Figure 4.1.11). Within this unit is an interbed of gravelly 
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sand from 8.96 to 7.87 m b.g.s. The gravelly sand interbed (Sm) has a sharp lower contact and a 

gradational upper contact. Above the clast-rich intermediate diamict unit, separated by an 

unidentifiable contact, is the present day soil profile. From 0.76 to 0 m b.g.s., the soil profile 

gradually changes in texture from a clast-rich intermediate diamict to a sandy mud and colour 

ranges from dark brown to very dark brown (Figure 4.1.9). 

 

 

Figure 4.1.11: Crude layering observed from chages in matrix content and clast size from 5.49 to 3.96 in 

VAN-1A. Approximate contacts between beds are shown in white. 

 

VAN-1A Interpretation 

Above bedrock and at the base of the sediments in VAN-1A from 37.34 to 35.98 m b.g.s. is the 

over-consolidated diamict unit that includes a clast-rich diamict with sandy silt to silty sand 

matrix. The diamict in this interval is dense. The only lithofacies seen in this unit is the Dmm 

facies. This unit cannot be definitively interpreted but the high density, the high content of fines, 

and the stratigraphic position above bedrock suggests a subglacial origin (Lawson, 1979; Eyles 

and Menzies, 1984; Larsen and Piotrowski, 2003), although based on the location of this 
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borehole in the hummocky element of the Paris moraine, the high density could have resulted 

from a later ice advance.  

From 35.98 to 15.70 m b.g.s., is the thick package of sand facies interbedded with various 

lithologies ranging from muddy sand to gravelly sand but the package is predominantly massive 

sand.  Within this sand package are a series of interbeds.  The predominance of well sorted 

sediments in this package is not typical of terrestrial moraine sediments. Well sorted sand and 

fine grained sediments are common in glaciolacustrine and glaciofluvial environments (Eyles 

and Eyles, 1992; Benn and Evans, 2010), suggesting that the site experienced those conditions, at 

least locally, either prior to or during the development of the moraine.  

Above the thick sand package, approximately 1 m of core was lost. Core recovery begins again 

at 14.63. From 14.63 to 11.58 m b.g.s. is the sandy gravel unit. In VAN-1A, gravel is crudely 

bedded (Gms) and the matrix ranges from sand to silty sand. In addition to the Gms lithofacies, 

the Sm lithofaices is also observed in this unit in a single well sorted sand interbed. This unit can 

be interpreted as either high energy sheet flows or stream flows (Miall, 1977). 

From 11.58 to 0.79 m b.g.s. is predominantly a clast-rich intermediate diamict unit (Dm). Three 

facies are seen in this unit, the Dm, Dms, and Sm facies. Matrix ranges from silty sand to sandy 

silt. The Dms facies is identified by crude layering and is observed in the diamict from 5.49 to 

3.96 m b.g.s. The Sm facies are present as interbeds within this unit. This diamict unit is 

interpreted as sediment-gravity flows (Boulton, 1972; Boulton and Paul, 1976), more specifically 

debris flows of Type I or Type II observed by Lawson (1982) or Unit I or Unit II as observed by 

Ewertowski et al. (2012) with meltwater flow (Sm interbeds) between debris flow events. 
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Overall, the sedimentary sequence observed in this borehole is consistent with trough fill and 

topographic inversion in an ice-cored hummocky moraine (Boulton, 1972; Boulton and Paul, 

1976; Paul, 1984). Specifically, this sequence is representative of the meltwater dominated 

trough fill system in the supraglacial environment (Paul, 1984). As this borehole is located on the 

high relief of the Paris moraine, few other depositional models could explain this sequence of 

lithologies without invoking a more complex stratigraphic scenario (multiple ice retreat/advance 

cycles), which are deemed unlikely. 

VPV-1A (Victoria Park Valley) 

The Quaternary sediment of this borehole was recovered from July 14 to 26, 2010 (Figure 

4.1.12). It is located off of Maltby road close to the intersection of Maltby road and Victoria 

road. Geomorphologically, it is positioned on the Paris moraine (Figure 4.1.6) and in the area 

mapped as hummocky topography (this investigation) and, more specifically at the boundary 

between kame and Wentworth till deposits (Karrow, 1968). The soil profile in this borehole has 

been removed during the initial phases of land modification for the construction of a golf course. 

Boulders were encountered throughout the entire length of the cored hole and made for difficult 

drilling and poor recovery. Seventeen samples from this borehole were sieved for matrix grain 

size analysis (Figure 4.1.12). 

The bedrock (30.48 m b.g.s.) is fractured at the bedrock- Quaternary sediment interface. The 

contact is hard to define and characterized by fractured bedrock gravel clasts to 29.39 m b.g.s.
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Figure 4.1.12: Borehole log of VPV-1A. See figure 4.1.4 for legend. P.R. = poor recovery, N.R. =no recovery. 
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Overlying the bedrock, from 30.48 to 27.53 m b.g.s. is a unit of sandy gravel. Compositionally, 

the gravel appears to be remnants of the fractured bedrock, containing both mechanical and 

natural fractures. The gravel content decreases up section and is absent above 29.39 m b.g.s.  

Above the gravel, separated by a sharp contact is a fine to very fine, sand with faint laminations 

(Sh). This gradually grades into sandy silt and continues to contain faint laminations (Fl). The 

colour of this section varies from reddish gray to gray brown. Sorting varies from poor to very 

well sorted and clast roundness varies from very angular (mechanically fractured by the drilling 

process) to subrounded. Above this unit, separated by a gradational contact is a clast-rich 

intermediate diamict. 

A clast-rich intermediate diamict dominates from 27.53 to 16.76 m b.g.s with a gravel-size 

fraction relatively constant at ~ 30% (Dmm). Matrix ranges from sandy silt to silty sand and 

colour ranges from dark-grayish brown to grayish brown. Sorting is very poor and clast 

roundness varies from angular to round. Average gravel clast size ranges from a visually 

estimated average of 3 to 27 mm to a maximum in excess of 80 mm (greater than the diameter of 

the core barrel). Gravel clasts are angular to subrounded. This section contains an interbedded 

well sorted, coarse to fine grained sand (Sm) interbed (0.13 m thick) at 23.03 m b.g.s., with sharp 

contacts. Core recovery was constantly below 80 % in this section. However, the recovered core 

remained similar in characteristics throughout the section. Above this unit, the contact with the 

overlying clast-rich sandy diamict is gradational. 

From 16.76 to 8.23 m b.g.s., recovery is poor and cored material is often modified. In addition, a 

2.2 m long section of core is missing between 9.1 and 11.3 m b.g.s. Much of the matrix of this 

unit appears to have been washed away by the drilling mud, but where present the texture is 
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variable, ranging from sand to silt. In areas where recovery is intact, a clast-rich muddy diamict 

is observed as the dominant texture (Dmm). However, a silty sand matrix is also often found in 

the indentations on the gravel clasts that are recovered when the rest of the matrix is washed 

away. Colour ranges from light brownish to olive gray. Sorting varies from very poor to 

moderate and clast roundness varies from round to angular. Average gravel clast size ranges 

from a visually estimated average of 3 to 38 mm to a maximum in excess of 80 mm (greater than 

the diameter of the core barrel). Gravel clasts are very angular to subrounded. This section 

contains interbeds of gravelly sand and well sorted granular and pebble gravel, which range in 

thickness from 0.02 to 0.40 m. Contacts with the interbeds are sharp. The well sorted granular to 

pebble gravel interbed may have had the matrix washed out during coring like much of the 

surrounding diamict. Many gravel clasts have a reddish yellow staining and black dots (Figure 

4.1.13). Above this modified diamict unit, the contact with the overlying sediment is 

unidentifiable as the texture change was observed at the boundary between drilling runs. 

The upper 8.23 to 0 m b.g.s. of the subsurface is a heterogeneous unit of sediments. In this unit 

are matrix-supported granule to cobble (or greater, limited by core diameter) gravel, muddy 

clast-rich diamict beds, and clast-rich intermediate diamict (Gm and Dmm). The gravel content 

changes chaotically and gradually throughout the unit and the matrix varies from a sandy mud to 

sand. Colour ranges from dark to pale yellowish brown. Sorting varies from very poor to well 

sorted and clast roundness varies from very angular to round. Average gravel clast size ranges 

from a visually estimated average of 3 to 25 mm to a maximum in excess of 80 mm (greater than 

the diameter of the core barrel). This section contains thin (0.06 to 0.14 m) interbeds of very 

coarse- to very fine-grained sand, silt and clay, and clast-poor muddy diamict.  
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Figure 4.1.13: Reddish yellow staining containing black dots on gravel clasts in VPV-1A Run 16 (15.24 

to 15.70 m b.g.s.). 

 

VPV-1A Interpretation 

Above bedrock and at the base of the sediments in VPV-1A from 30.48 to 27.53 m b.g.s. is the 

sand and gravel unit consisting of very fine to fine sand with faint horizontal planar laminations 

(Sh) overlying fractured bedrock clasts. The sand grades into faintly planar laminated sandy silt 

(Fl). This unit can be interpreted as fluvial/glaciofluvial deposition (Miall, 1977; Benn and 

Evans, 2010). The exact location of deposition relative to the glacial ice margin is not 

discernible.  
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From 27.53 to 16.76 m b.g.s. is predominantlty a clast-rich intermediate diamict (Dmm) unit. 

Matrix of the diamict ranges from silty sand to sandy silt. Sm facies are observed in a well 

sorted, massive sand interbed. This diamict unit is interpreted as melt-out till or sediment flow 

deposit (Boulton, 1972; Boulton and Paul, 1976) with the sand interbed representative of minor 

glaciofluvial reworking. 

From 16.76 to 8.23 m b.g.s. is another clast-rich intermediate diamict unit (Dmm) with a massive 

gravelly sand interbed (Sm). Matrix of the diamict ranges from mud to silty sand. This unit is 

also interpreted as melt-out till or mass flow deposits (Boulton, 1972; Boulton and Paul, 1976). 

In VPV-1A from 8.23 to 0 m b.g.s. is the heterogeneous unit consisting of a combination of 

matrix-supported gravel (Gm) and muddy to intermediate clast-rich diamict (Dmm) with 

interbeds of sand (Sm). This package can be interpreted as mass flows (Lawson, 1982; 

Ewertowski et al., 2012) combined with either high energy sheet flows or stream flows (Miall, 

1977; Maizels, 1989) with meltwater flow between debris flow events.  

This borehole is located on an area of high relief of the Paris moraine. The sedimentary sequence 

resembles that of a mass flow dominated trough infill resulting from relief inversion in an ice-

cored hummocky moraine (Boulton, 1972; Boulton and Paul, 1976; Paul, 1984), although, the 

thick packages of diamict found in this borehole could also represent the sediment-gravity flow 

covered flanks of a trough fill hummock. The quality of core recovery from diamict packages in 

this borehole was not sufficient to observe bounding surfaces or deformation of primary 

structures. Thus, while the diamict packages in this borehole may also be interpreted as melt-out 

tills, the topography in the surrounding area and its location on the flank near the crest of a 
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hillock, this borehole most likely represents the sedimentary sequence of a mass flow dominated 

trough fill. 

GDC-2B (Groundwater Discovery Centre) 

The core recovered at this site was logged from June 7 to 8, 2010 (Figure 4.1.14). It is located at 

the University of Guelph Arboretum. Geomorphologically, it is positioned north of the Paris 

moraine (Figure 4.1.6) on the boundary of an area mapped as a drumlinized till plain on one side 

and outwash on the other according to Karrow (1968). Sixteen samples from this borehole were 

sieved for matrix grain size analysis (Figure 4.1.14). 

Bedrock is found at 16.43 m b.g.s. The bedrock and Quaternary sediment contact is erosional 

without any bedrock clasts entrained in the overlying sediments. 

Overlying the bedrock, from 16.43 to 14.91 m b.g.s. is a very dense clast-rich intermediate 

diamict unit (Figure 4.1.15, Dmm). Matrix ranges from equal parts silt and sand to sandy silt.  

Colour ranges from a dark to moderate yellowish brown. Sorting varies from very poor to poor 

and clast roundness is subrounded. Average gravel clast size ranges from a field estimated 

average of 5 to 12 mm to a maximum width in excess of 80 mm (greater than the diameter of the 

core barrel). This section of core was recovered intact thus it is possible to identify the structure 

as massive.  Above this unit, separated by a deformed contact (4.1.16) is a clast poor muddy 

diamict.
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Figure 4.1.14: Borehole log of GDC-2B. See figure 4.1.4 for legend. N/P.R. = no to poor recovery, N.R. =no recovery. 
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Figure 4.1.15: Very dense clast-rich intermediate diamict unit from 16.43 to 14.91 m in GDC-2B. 

 

 

Figure 4.1.16: Contact (arrow) between clast-rich intermediate diamict (right) and overlying 

overconsolidated clast poor diamict unit (left) in GDC-2B. 
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An over-consolidated (very dense) clast poor diamict unit is present from 14.91 to 11.33 m b.g.s. 

(Figure 4.1.17, Dmm). The bottom of the unit is clast free, but becomes clast poor muddy 

diamict up section. The matrix varies from mud to sandy silt. Colour ranges from moderate dark 

gray to dark gray.  Sorting varies from poor to well sorted and clast roundness varies from round 

to subangular. Average gravel clast size ranges from a visually estimated average of 2 to 3 mm to 

a maximum of 19 mm. This section of core was recovered intact thus it is possible to identify the 

structure as massive. Bullet-shaped clasts are are found in this unit.  

 

Figure 4.1.17: An over consolidated (very dense) clast-poor diamict from 14.91 to 11.33 m in GDC-2B. 

 

Above this unit, separated by a large mechanically fractured cobble, is a clast-rich intermediate 

diamict from 11.33 to 1.93 m b.g.s. (Dmm). The gravel content is variable in this diamict unit, 

ranging from clast-rich to clast poor. The matrix varies from silty sand to sandy silt. Colour starts 

at the base of the unit as a dark gray and becomes dark yellowish brown towards the top. Sorting 

ranges from poor to moderate and clast roundness varies from very angular (mechanically 
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fractured by the drilling process) to subrounded. Average gravel clast size ranges from a visually 

estimated average of 4 to 15 mm to a maximum in excess of 70 mm (greater than the diameter of 

the core barrel). Within this unit are sand (Sm) interbeds, at 7.21 to 7.16 m b.g.s. and 5.97 to 5.87 

m b.g.s.  The overall trend of the unit is coarsening upward. Several beds may exist in this unit; 

however, contacts were not resolved because of poor recovery. At the top of this unit, from 1.9 to 

0.91 m, is gravelly sand. Above this unit, separated by a gradational contact is the present day 

soil profile. From 0.91 to 0 m b.g.s., the soil profile changes in texture from a sandy mud to mud 

and colour ranges from yellowish brown to dark yellowish brown. 

GDC-2B Interpretation  

Above bedrock and at the base of the sediments in GDC-2B from 16.43 to 14.91 m b.g.s. is the 

very dense, clast-rich intermediate diamict (Dmm). The contact with the overlying sediment 

shows signs of deformation and loading. Also at this contact was a very thin black lamina 

separating the underlying diamict from the overlying sediment. The overconsolidated nature of 

the sediment and stratigraphic position above bedrock suggests a subglacial origin (Lawson, 

1979; Eyles and Menzies, 1984; Larsen and Piotrowski, 2003) or overriding by a subsequent ice 

advance.  

From 14.91 to 11.33 m b.g.s. is the over-consolidated muddy diamict unit. This unit consists of 

clast-free silt that becomes a clast poor muddy diamict (Dmm and Fm) above 14.63 m b.g.s. as 

gravel content increases. Matrix ranges from silt to sandy silt. Striated and bullet shaped gravel 

clasts are observed. This unit can be interpreted as a subglacial traction till, likely a lodgement 

till because it is very dense, has a high content of fines, has bullet shaped clasts indicative of 
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subglacial transport, and exhibits loading and deformation of the underlying sediment at its base 

(Lawson, 1979; Eyles and Menzies, 1984; Larsen and Piotrowski, 2003). 

From 11.33 to 1.93 m b.g.s., is the clast-rich intermediate diamict unit (Dmm). Two general 

trends are observed in this unit including a coarsening upward of matrix texture (sandy silt to 

silty sand) and an upward increase in gravel content. The consolidation of the sediment decreases 

upward in this unit. The Sm facies are observed in two moderately to well sorted sand interbeds.  

The diamict in this unit can be interpreted as melt-out till or mass flow deposits (Boulton, 1972; 

Boulton and Paul, 1976; Lawson, 1982) whereas the thin sand interbeds can be interpreted to be 

minor waterlain reworking (Lawson, 1982; Boyce and Eyles, 2000; Meriano and Eyles, 2009). 

This borehole is found at the boundary between drumlinized till plain and the outwash of the 

Paris moraine; however, the lithology at depth suggests direct glacial deposition and not solely 

proglacial fluvial processes. The two main diamict packages (16.43 to 14.91 m b.g.s. and 14.91 

to 1.93 m b.g.s.) suggest a minimum of two ice advances. The black lamina found at 14.91 m 

b.g.s. is characteristic of organic material suggesting ice free conditions for a significant amount 

of time for vegetation to establish; but, further analysis of this layer is necessary. As well, the 

diamict below 14.91 m b.g.s. has a texture and colour that are distinct from the overlying 

diamict.   

Two interpretations exist for the observed sedimentary sequence above 14.91 m b.g.s. The first is 

of two ice advances, one depositing the diamict from 14.91 to 11.33 m b.g.s. and the other from 

11.33 to 1.93 m b.g.s. This interpretation is possible because not all of the contacts may have 

been resolved within the diamict because of poor recovery in some sections. The second 

interpretation is of two phases of deposition from a single ice sheet, specifically an advance 
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associated with subglacial deposition of the traction till from 14.91 to 11.33 m b.g.s. and then 

glacial retreat and associated ablation deposition of melt-out till and mass flow deposits from 

11.33 to 1.93 m b.g.s.  
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4.2. Landforms and Geomorphic Elements of the Paris Moraine in the Guelph Area 

Two approaches were taken to map the geomorphology of the Paris moraine in the Guelph area. 

The first was a field based approach consisting of extensive groundtruthing surveys and high 

quality global positioning system (G.P.S.) transverse surveys over the moraine. The second was 

a geographic information systems (G.I.S.) based approach using the provincial digital elevation 

model (DEM) for southern Ontario.  

4.2.1. Geomorphic Elements in the Study Area 

An initial reconnaissance survey of the Paris moraine in the Guelph area was completed on 

February 25, 2011 after which numerous return trips were taken to various locations on the 

moraine from February 26, 2011 to October 4, 2011 to photograph and qualitatively describe 

landforms. The major landforms of the area have been established in the literature by Putnam 

and Chapman (1984), Karrow (1968, 1987), and Straw (1968, 1988) (see section 2.2.2).  

Proposed Moraine Elements 

Based on topographic observation, basic GIS analysis, and geologic mapping (Karrow, 1968; 

Karrow, 1987), the Paris moraine itself can be subdivided into several geomorphic elements. In 

addition to the frontslope, hummocky, and backslope elements proposed for this area by Sadura 

et al. (2006), ridges, flats, moraine gap, and undifferentiated high and low elements are necessary 

to adequately describe the Paris moraine (Figure 4.2.1).  

The frontslope begins on the north side of the moraine. Slope aspect generally faces northwest. 

The extent is defined as beginning where the slope increases from relatively flat-lying outwash 

and till plains of the Guelph area to the top of the highest frontal hill before the hummocky 

moraine topography begins to level off.   
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Figure 4.2.1: Map of the Paris moraine geomorphic elements observed in the Guelph area underlain by 

the provincial DEM. See Figure A1 and A2 for further town and road names. 
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The most southern, topographically well defined, backslope has been identified as a distinct 

geomorphic element. It begins at the top of the southeastern most hillcrest or hummock after 

which the average elevation of the hummocky terrain begins to decrease and ends where the 

slope levels off and becomes relatively flat-lying outwash associated with the Galt moraine. This 

slope is not necessarly one, continuous slope but can also be gently rolling showing some sub-

terracing. The backslope generally has a south-east aspect. 

A characteristic feature of the moraine is the hummocky element. It is defined as irregular 

surfaces of knolls (humps) and corresponding depressions (kettles).  In the study area they differ 

in spacing (period), height (amplitude), and connectivity to other hummocks.  Furthermore, 

locally connected depressions are observed between the hummocks, sometimes connected to 

moraine gap elements. 

Moraine gap elements are the channel-like features or trenches that originate on the moraine, cut 

through the moraine, and can locally be seen to continue through or beyond the front slope of the 

moraine. They form low to moderate relief within and in front of the moraine. 

Many flat-lying areas exist inside the high topographic relief of the moraine, which contrast with 

the surrounding hummocky elements. They consist of flat to very gently rolling areas that are 

often found on high to moderate relief areas of the moraine. They sometimes correspond to 

modern swamp and lacustrine environments. 

Ridges are also found in the study area. The ridge elements are linear features found within the 

hummocky element and at the boundaries of the frontslope and backslope elements. They are 

identified within the moraine as linear, longitudinal hillcrests associated with a steep slope on at 
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least one side of the hillcrest. They are distributed throughout the length of the Paris moraine but 

are more common towards the north. No statistics were calculated for this element. 

Closely associated with the Paris moraine are undifferentiated geomorphic elements that show 

both high and low relief. They are found both northwest and southeast of the moraine. Although 

they have a very similar appearance to the hummocks of the moraine and are spatially closely 

related to the moraine, these undifferentiated high relief elements are separate from the main 

linear high relief of the Paris moraine and their origin is mapped as kames (Karrow, 1968) in the 

north of the study area. 

Other geomorphic features identified by Chapman and Putnam (1984), Karrow (1968, 1987), and 

Straw (1968, 1988) exist in the region such as meltwater valleys, kames, and eskers, though 

these were not studied during this project (Figure 2.2).   

Quantitative Analysis of Geomorphic Elements 

The G.I.S. mapping and analysis was completed using ArcGIS software using the provincial 

DEM raster, the slope angle surface map and the field data collected from the qualitative 

landform descriptions completed while groundtruthing (Figure 2.1, 4.2.2, 4.2.3). The statistics 

calculated using the zonal statistics tool in ArcGIS (Table 4.2.1) show a minimum and maximum 

elevation within the study area to be 292.20 and 385.12 m a.s.l. respectively. The maximum 

slope angle is observed in the frontslope geomorphic element with an angle of 23.00°. The most 

prominent geomorphic element by area is the hummocky element covering an area of 40.25 km
2
. 
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Figure 4.2.2: Provincial DEM raster of southern Ontario, zoomed into the Guelph area, drafted in ArcGIS 

software. See Figure A1 and A2 for further town and road names. 
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Figure 4.2.3: ArcGIS slope angle surface analysis of the DEM raster, Guelph area delineating both ridges 

within and at the edges of the Paris moraine as well as the overall hummocky nature of the Paris and Galt 

moraines.  The Eramosa and Speed River channels are also clearly seen in the NW part of the area. See 

Figure A1 and A2 for further town and road names. 
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Table 4.2.1: Summary Statistics of Geomorphic Elements based on ArcGIS analysis 

 Max 

Slope 

Angle 

(°) 

Width (m) Elevation (m 

a.s.l.) 

Area 

(km
2
) 

Min Max Min Max 

Frontslope 23.00 <273.9 >1390.5 324.40 385.12 6.88 

Hummocky 21.70 <228.8 >3061.4 294.11 379.91 40.25 

Backslope 16.95 <219.9 >1388.7 292.20 371.09 15.97 

Low Relief 18.14 N/A N/A 292.68 352.21 29.49 

High Relief 15.46 N/A N/A 302.42 375.24 10.33 

Moraine 

Gaps 

22.62 N/A N/A 303.75 359.24 2.57 

Flats 8.56 N/A N/A 309.14 350.44 1.24 

 

The frontslope element (Figure 4.2.1) is a single, long, narrow feature. It is oriented parallel to 

the longitudinal axis of the moraine with a northeast, southwest trend. The minimum and 

maximum elevations within the element are 324.40 and 385.12 m a.s.l. respectively and the total 

area covered by this element is 6.88 km
2
. The frontslope can be observed rising approximately 

28 m above the outwash at the Arkell Research Station; however, this is variable across the 

length of the frontslope element. 

The hummocky element (Figure 4.2.1) is predominantly a single, long feature that forms the core 

of the Paris moraine, with the exception of an isolated hummocky area separated from the rest of 

the element by undifferentiated low relief in the NE corner of the study area. The largest 

hummocky element is oriented parallel to the longitudinal axis of the moraine with a northeast, 

southwest trend. In the study area it is approximately 23698 m long and varies in width from less 

than 228.8 m to greater than 3061.4 m wide, based on the inferred boundaries of the element. 
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The minimum and maximum elevations within the element are 294.11 and 379.91 m a.s.l. 

respectively and the total area covered by this element is 40.25 km
2
.  

The backslope element (Figure 4.2.1) is a single, long, thin feature. It is oriented parallel to the 

longitudinal axis of the moraine with a northeast, southwest trend. In the study area it is 

approximately 24250 m long and varies in width from less than 219.9 m to greater than 1388.7 m 

wide, based on the inferred boundaries of the element. The minimum and maximum elevations 

within the element are 292.20 and 371.09 m a.s.l. respectively and the total area covered by this 

element is 15.97 km
2
.  

The moraine gap elements (Figure 4.2.1) consist of three separate gaps found across the length of 

the moraine in the Guelph area. They are generally oriented perpendicular to the longitudinal 

axis of the moraine. The minimum and maximum elevations within the element are 304.19 and 

358.84 m a.s.l. respectively and the total area covered by this element is 2.57 km
2
.  

The areas of undifferentiated low relief consist of two separate areas, one to the south, which is 

in the Paris moraine, towards the front margin, and one to the north, which is located behind the 

moraine associated with the outwash from the Galt moraine (Figure 4.2.1). They do not have an 

obvious orientation and size is variable for the individual low relief features because they are 

often interrupted by other elements. The minimum and maximum elevations within the 

undifferentiated low relief element are 292.68 and 352.11 m a.s.l. respectively and the total area 

covered by this element is 29.49 km
2
.  

The areas of undifferentiated high relief correspond to the two separate areas of undifferentiated 

low relief (Figure 4.2.1). They do not have an obvious orientation and size varies for the 

individual high relief features from 0.06 km
2
 to 2.67 km

2
. The minimum and maximum 
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elevations of undifferentiated high relief are 302.42 and 375.24 m a.s.l. respectively and the total 

area covered by this element is 10.33 km
2
.  

The flat elements (Figure 4.2.1) are found within the hummocky element and consist of 10 

separate areas found across the length of the moraine in the Guelph area. They do not have an 

orientation. The minimum and maximum elevations within the element are 309.14 and 350.44 m 

a.s.l. respectively and the total area covered by this element is 1.24 km
2
. 

4.2.2. Geomorphic Variability  

The general transverse trend in geomorphic elements across the moraine consists of a front slope, 

a hummocky core with some flat lying areas and a back slope. Moraine gap elements are found 

to cut through the hummocky and front slope elements.  

Differentiating the frontslope, hummocky, backslope, moraine gap, and undifferentiated high 

relief elements from the flat and undifferentiated low relief moraine elements transversely is 

possible based on the aspect of their slopes and slope angles. The frontslope, hummocky, 

backslope, moraine gap, and undifferentiated high relief elements all have similar mean slope 

angles, 2.66°, 2.61°, 2.53°, 1.34-3.98°, and 1.70-3.81° respectively. However, the slope angles 

for the flat and undifferentiated low relief are lower, 0.48-1.31° and 0.95-1.68° respectively. 

However, to further quantitatively investigate the geomorphic elements and to assess 

longitudinal variability within elements, high quality G.P.S. elevation surveys of the Paris 

moraine were completed (Table 4.2.2; Figure 4.2.4). Nine surveys were completed transverse to 

the Paris moraine by driving side roads with a high quality G.P.S. receiver mounted on the 

vehicle.  Three more surveys were completed at an angle to the moraine and one walking survey 

was also completed up the well defined frontslope of the moraine and over the hillcrest at the  
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Figure 4.2.4: Locations of high quality GPS elevation surveys of the Paris moraine, overlain on the 

provincial DEM and geomorphic element map. See Figure 4.2.1 for geomorphic element legend. See 

Figure A1 and A2 for further town and road names. 
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Arkell Research Station. The minimum and maximum elevations encountered on these surveys 

were in a river valley on Wellington Road 33 (295.14 m a.s.l.) and in the frontslope element on 

the hillcrest of the Arkell Research Station (373.56 m a.s.l., Table 4.2.2). To analyse longitudinal 

changes in the transverse cross-section of the Paris moraine, traverses were grouped into three 

sectors: the Northeast Sector, Middle Sector, and Southwest Sector. 

Table 4.2.2: High Quality G.P.S. Surveys  

 Orientation 

To Moraine 

Length (m) Elevation (m a.s.l.) 

Min Max Range 

Concession 7 Transverse 4631.68 311.11 345.22 34.12 

Gordon Transverse 4701.70 318.03 352.84 34.80 

N-P Townline Transverse 5250.49 336.58 368.04 31.46 

Victoria Transverse 5728.17 324.10 351.27 27.18 

Watson Transverse 5810.36 332.55 372.82 40.27 

Wellington Road 32 Transverse 2878.60 306.54 323.08 16.55 

Wellington Road 33 Transverse 1398.99 295.14 317.82 22.68 

Wellington Road 34 Oblique 9671.77 302.56 333.51 30.95 

Wellington Road 35 Transverse 6818.65 306.24 336.69 30.45 

Arkell Road Oblique 1994.98 337.55 355.51 17.96 

ARS Frontslope Transverse 347.42 345.41 373.56 28.16 

Forestell N/A 5268.00 297.65 331.87 34.22 

 

Northeast Sector  

The Arkell Road survey is 1994.98 m long and begins in the outwash element north of the Paris 

moraine and continues obliquely up the frontslope and then descends into a moraine gap element 

(Figure 4.2.5). This traverse is not typical as it does not cross the hummocky or backslope 

elements. The minimum and maximum elevations of this survey are 337.55 and 355.51 m 

respectively. The frontslope of this traverse is steep as is the slope down into the moraine gap 

element where the traverse ends. 
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Figure 4.2.5: Northeast sector high quality G.P.S. elevation profiles of Townline road, Watson road, and 

Arkell road.  Note the very steep slope along the ARS frontslope, the rolling topography within the 

moraine gap element in the first 3 Km of the N-P Townline, the comparable scale of the topographic 

change observed between the core of the moraine and the associated undifferentiated elements and the 

relatively steep frontslopes and backslopes.  

 

The N-P Townline Road traverse is 5250.49 m long. The traverse begins in a moraine gap 

element where the Arkell Road survey ends and continues south through an area of 

undifferentiated high and low relief elements between the Paris and Galt moraines (Figure 4.2.5). 

The minimum and maximum elevations of this survey are 336.58 and 368.04 m respectively.  

The Watson Road traverse is completed over the Paris moraine and is 5810.36 m long. The 

survey begins in the outwash element north of the Paris moraine and continues south over the 
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moraine before descending into an area of undifferentiated high and low relief elements between 

the Paris and Galt moraines (Figure 4.2.5). The minimum and maximum elevations of this 

survey are 332.55 and 372.82 m respectively. The frontslope of this traverse is gently rolling 

with a moderate slope and the backslope is slightly rolling, beginning steep and becoming gentle 

towards the outwash of the Galt moraine. 

The Arkell Research Station traverse is completed up the frontslope adjacent to the study area of 

Sadura et al. (2006) and is 347.42 m long (Figure 4.2.5). The minimum and maximum elevations 

of this survey are 345.41 and 373.56 m respectively. This traverse is not typical as it does not 

cross the hummocky or backslope elements and instead ends in the kettle behind the 

northwestern most hillock/ridge feature. In contrast to other traverses in this Northeast sector, the 

frontslope of this traverse is steep and continuous without any rolling hills or terracing.  

 

Middle Sector 

The Victoria Road traverse is completed over the entire Paris moraine and is 5728.17 m long. 

The survey begins in the outwash element north of the Paris moraine and continues south over 

the moraine before descending into the outwash element of the Galt moraine (Figure 4.2.6). The 

minimum and maximum elevations of this survey are 324.10 and 351.27 m respectively. The 

initial slope of this traverse through the frontslope/moraine gap is notably very gentle and the 

backslope is slightly rolling, beginning steep and becoming gentle towards the outwash of the 

Galt moraine. 
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Figure 4.2.6: Middle sector high quality G.P.S. elevation profiles of Victoria Road, Gordon Street, and 

Concession 7. Note the frontslope of the Victoria Road and Concession 7 profiles are gentler than the 

Gordan Street profile. The frontslope profile of Vicoria Road is closely associated with a moraine gap 

element and the Concession 7 frontslope has a very wide frontslope element. All profiles maintain a steep 

backslope.  

 

The Gordon Street traverse is also completed over the entire Paris moraine and is 4701.70 m 

long. The survey begins in the outwash element north of the Paris moraine and continues south 

over the moraine, crossing the frontslope, hummocky, and backslope elements, before 

descending into the outwash element of the Galt moraine (Figure 4.2.6). The minimum and 

maximum elevations of this survey are 318.03 and 352.84 m respectively. The frontslope of this 
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traverse is similar to those in the Northeast sector and the backslope begins as relatively gentle 

and becomes moderately steep towards the outwash of the Galt moraine. 

The Concession 7 traverse is completed over the entire Paris moraine and is 4631.68 m long. The 

survey begins in the outwash element north of the Paris moraine and continues south over the 

moraine before descending into the outwash element of the Galt moraine (Figure 4.2.6). The 

minimum and maximum elevations of this survey are 311.11 and 345.22 m respectively. The 

frontslope of this traverse is very gentle without a well defined slope and the backslope is rolling, 

beginning steep and becoming gentle towards the outwash of the Galt moraine. 

Southwest Sector 

The Wellington Road 35 traverse is completed over the Paris moraine and is 6818.65 m long. 

The survey begins in the outwash element north of the Paris moraine and continues south over 

the moraine before descending into the outwash element of the Galt moraine (Figure 4.2.7).  The 

outwash and frontslope elements are difficult to differentiate in this area as they are often 

associated with the undifferentiated high and low relief elements. The minimum and maximum 

elevations of this survey are 306.24 and 336.69 m respectively. The frontslope of this traverse is 

very gentle beginning well in advance of the initial hummocky elements and the backslope is 

rolling with a moderate slope. 

The Wellington Road 32 Road traverse is completed through an area of undifferentiated low and 

high relief north of the Paris moraine and is 2878.60 m long. The survey begins in an area of 

undifferentiated high and low relief elements north of the Paris moraine then crosses over a 

significant rise in elevation as a result of an overpass over Highway 401 and ends at a lake 

Figure 4.2.7). The minimum and maximum elevations of this survey are 306.54 and 323.08 m, 
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Figure 4.2.7: Southwest sector (transverse) high quality G.P.S. elevation profiles of Wellington Road 35, 

Wellington Road 32, and Wellington road 33. Note the relatively long, rolling frontslope and the two 

large hillocks of Wellington Road 35.  

 

 respectively. The outwash and frontslope elements are difficult to differentiate in this area and 

thus it is impossible to know with certainty where one ends and the other begins  

The Wellington Road 33 traverse is completed over the Speed River valley and part of an 

isolated hummocky element of the Paris moraine and is 1398.99 m long. The survey begins in 

the Speed River valley (north of the Paris moraine) and continues south through hummocky 

topography (Figure 4.2.7). The minimum and maximum elevations of this survey are 295.14 and 
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317.82 m respectively. This traverse is not typical as it does not cross the usual transverse pattern 

of geomorphic elements in the Paris moraine and ends within a hummocky element.  

The Forestell Road traverse is completed northwest of the Paris moraine and is 5268.00 

 m long (Figure 4.2.8). This traverse is not across the Paris moraine, instead it crosses the 

undifferentiated low and high relief elements adjacent to the moraine on an oblique angle. The 

minimum and maximum elevations of this survey are 297.65 and 331.87 m respectively. 

The Wellington Road 34 traverse is completed at an oblique angle to the Paris moraine and is 

9671.77 m long. The survey begins in the isolated hummocky element west of the Paris moraine 

and descends into a valley with an under fit stream and through an area of undifferentiated low 

and high relief before entering the main hummocky and backslope element of the Paris moraine 

(Figure 4.2. 8). The minimum and maximum elevations of this survey are 302.56 and 333.51 m 

respectively. 

 

Summary of Geomorphic Variability 

Within the frontslope element there are morphologic differences longitudinally along the 

moraine. Some sections contain abrupt, relatively steep sloped ridge-hillcrest features (north 

sector) whose deposits have in part been analyzed by Sadura et al. (2006). Other sections are 

composed of gently rolling slopes leading to the high topographic relief of the moraine (middle 

sector). Still other sections appear to contain no frontslope at all (southwest sector).  Overall, in 

the southwest, the obvious cross-sectional profile of frontslope-hummocky-bacskslope elements 

from the northeast and middle sectors starts to become obscured with the introduction of the 

undifferentiated high and low elements northwest of the Paris moraine. 
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Figure 4.2.8 Oblique (Southwest sector) high quality G.P.S. elevation profiles of Wellington Road 34 and 

Concession 2. Note the underfit stream valley of Wellington Road 34 as well as the variability in 

elevation of the undifferentiated elements. 

 

Similarly, in the hummocky elements the size of the hillocks and depressions vary in their 

morphology, with amplitudes ranging from 4 to 28 m and horizontal distances between ~200 to 

1600 m or greater. No trend is qualitatively observed in hummock size longitudinally, although 

the topographic lows observed in the hummocky element along Wellington Road 35 continue 

sloping down towards the undifferentiated low relief element to the west where there is no easily 

identifiable boundary between the two elements. There is also a modern stream in this 

topographic low.  

Oblique Traverses 
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The ridge elements (Figure 4.2.1, 4.2.3) represent key features longitudinally in the Paris 

moraine. They take the form of long semi-continuous linear features parallel to the Paris moraine 

axis and can be found in the hummocky elements at the front slope/hummocky interface, and at 

the hummocky/back slope interface. Ridges present in the hummocky elements often cannot be 

easily distinguished from surrounding hummocks. Longitudinally, the ridges are found 

throughout the moraine in the Guelph area; however, their distribution is concentrated between 

the northwest and middle sectors where they generally form the steep front slope and hillcrest of 

the moraine.     

Other key features include the moraine gap elements. They take the form of linear depressions 

cutting through the hummocky and front slope elements and often extend to the modern river 

valleys. There are three identifiable moraine gaps evident from the modern landscape in the 

study area. The two most prominent of which, are found in the northwest and middle sectors. 

In the north of the study area, between Watson Road and 1
st
 Line, is a narrow moraine gap that 

extends to the modern Eramosa River valley and begins behind the Paris moraine. South of this, 

between Watson Road and Gordon Street, is another moraine gap. This moraine gap is broader in 

width than the moraine gap to the north. It begins in the hummocky element and maintains a low 

to moderate relief from the surrounding area as it extends out of the moraine. Further south, 

roughly between Side Road 10 S and Townline Road, is another moraine gap. This moraine gap 

consists of flat-lying to moderate relief, extends through the hummocky element and extends to 

the undifferentiated low relief around Puslinch Lake to the north and to the Galt moraine 

outwash to the south.  
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4.3. Lithologic Cross-sections of the Paris Moraine and Adjacent Landforms 

Borehole logs were collected from the Ontario Ministry of Environment (MOE) well records, 

local geoenvironemental and geotechnical reports, municipal and regional groundwater studies, 

archived data from the Arkell Research Station as well as from coreholes drilled by researchers 

at the University of Guelph. One thousand four hundred twenty boreholes were compiled from 

these sources into a single database and imported into Rockworks 15. Once in Rockworks, a 

subset of 201 boreholes was selected for cross-sections (Figures 4.3.1, 4.3.2) based on location, 

depth to bedrock, and data source (Table 4.3.1). Primary data was obtained from the 

geoenvironmental and geotechnical reports and University of Guelph data from other studies in 

the Arboretum and Arkell Research Station. Supplementary data was obtained from the MOE 

water well records. The distinction between the data sources (Table 4.3.1) is important because 

the University of Guelph data is of higher quality than that of the geoenvironmental and 

geotechnical reports, which themselves are of higher quality than the MOE water well records.  

Digitized borehole logs were drafted into lithologic cross-sections using Rockworks 15. Twenty-

three representative cross-sections were constructed across the major geomorphic elements of the 

Paris moraine (Figure 4.3.2, Table 4.3.1). Of these, 17 are large-scale cross-sections that cross 

the geomorphic elements and 6 examine smaller scale changes in lithology within the outwash 

and frontslope, hummocky, and moraine gap elements.  

4.3.1 Outwash Cross-Sections 

Outwash cross-sections were produced between the Eramosa and Speed Rivers to the north and 

the Frontslope and moraine Outwash geomorphic elements to the south. A total of 4 cross-

sections were drafted in the outwash element using 41 borehole logs. The most common   
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Figure 4.3.1: Map of borehole locations in the study area from all sources including MOE water well 

records, geoenvironmental/geotechnical reports, archived research data and recently drilled holes by the 

University of Guelph. See Figure A1 and A2 for further town and road names. 
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Figure 4.3.2: Map of cross-section locations across the geomorphic elements of the Paris moraine in the 

Guelph area. See Figure A1 and A2 for further town and road names. 
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Table 4.3.1: Summary of Lithologic Cross-Sections -Sections 

Cross-

Section 

MOE 

WWR BHs 

OMAFRA/ORF 

BHs 

Consultant 

Report BHs 

Total BHs Cross-section 

Length (m) 

Average Depth to 

Bedrock (m.b.g.s) 

B2 6 0 2 8 1786 25.08 

B3 7 0 1 8 1580 26.75 

B4 2 0 4 6 1252 20.11 

B5 6 0 0 6 1104 16.43 

B7 5 0 1 6 1693 31.55 

F1 6 0 2 8 1486 27.17 

F4 5 0 1 6 2261 29.27 

F5 5 0 0 5 909 28.20 

H1 7 0 1 8 1616 35.82 

H2 7 0 2 9 2677 32.81 

H3 10 0 1 11 2957 28.89 

H5 11 0 0 11 3513 32.08 

H6 8 1 0 9 3658 31.84 

M1 7 0 3 10 3184 11.36 

O1 5 2 3 10 4846 12.03 

O2 9 1 2 14 4799 22.53 

O4 5 0 3 8 2205 9.75 

O5 6 0 2 8 4985 13.62 

S1 1 0 4 5 1555 36.28 

S2 2 0 7 9 936 N/A 

S3 3 0 3 6 1652 12.35 

S4 7 0 0 7 1124 31.33 

S5 8 0 0 8 899 35.59 

*BH =Boreholes 

 

Quaternary sediment lithology encountered in the boreholes, by total thickness, is a muddy 

diamict followed by mud at 47 % and 12 % respectively (Table 4.3.2).  

The cross-section with the most heterogeneous lithology is Outwash O2-O2’ (Figure 4.3.2, Table 

4.3.2). This cross-section also has the most undulating bedrock surface elevation. There is a 

general trend in the outwash cross-sections for the variability of the lithology to increase towards 

the southwest. The least heterogeneous cross-section in term of sediment composition is 

Outwash O4-O4’. This cross-section shows distinct lithologic changes associated with 
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geomorphic changes as discussed below.  The greatest depth to bedrock is found in GDC-1 in 

cross-section Outwash O2-O2’, though this could be a very localized feature. 

 

Table 4.3.2:  Material composition within Outwash Cross-Sections 

 O1 -O1’ (% of 

sediment) 

O2-O2’ (% of 

Sediment) 

O4-O4’ (% of 

Sediment) 

O5-O5’ (% of 

Sediment) 

Average (% of 

sediment) 

Fill 0.00 0.26 1.79 0.00 0.51 

Gravel 0.00 10.14 0.00 0.65 2.70 

Gravelly Sand 14.63 0.96 8.04 13.97 9.40 

Intermediate 

Diamict 

11.76 7.51 3.13 5.34 6.94 

Mud 4.11 25.05 5.36 13.31 11.96 

Muddy Diamict 46.23 28.76 70.96 41.97 46.98 

Muddy Sand 8.40 0.24 0.89 4.23 3.44 

Sand 4.24 12.38 0.00 1.71 4.58 

Sand and 

Gravel 

0.00 4.12 0.00 0.00 1.03 

Sandy Diamict 4.59 0.00 0.00 0.00 1.15 

Sandy Gravel 6.04 8.59 6.70 9.27 7.65 

Sandy Mud 0.00 1.98 3.13 9.55 3.67 

Unknown 0.00 0.00 0.00 0.00 0.00 

 

Outwash O1-O1’ 

Cross-section Outwash O1-O1’, runs sub-parallel to Victoria Rd from the Guelph Turfgrass 

Institute, south to the Arkell research Station (Figures 4.3.2, 4.3.3, 4.3.4). The cross-section is 

4846 m long and the depth to bedrock varies from 19.21 to 7.01 m b.g.s. with an average of 

12.03 m b.g.s. The primary Quaternary sediment lithology encountered, by thickness of the 

entire length of boreholes in the cross-section, is muddy diamict followed by gravelly sand and 

intermediate diamict at 46, 15, and 12 % respectively (Table 4.3.2).  

The bedrock surface elevation decreases towards the center of the section and is lowest in well 

6709383. The muddy diamict lithologies are found to dominate the center third of the section 
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(boreholes 6709383 to 6704944). Gravel and sand dominated lithologies are prevalent to the 

right (southeast) of Arkell Road towards the frontslope as well as at the lowest topographic point 

in borehole 6715257. 

 

 

Figure 4.3.3: Lithology legend of condensed database lithologies used in drafting borehole logs.
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Figure 4.3.4: Cross-section O1-O1’, runs from the Guelph Turfgrass Institute to the Arkell research Station, sub-parallel to Victoria Rd. This 

section straddles the Outwash geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 

E
le

v
a
ti
o

n
 (

m
 a

.s
.l
.)

 

Distance (m) 



144 

 

Outwash O2-O2’ 

Cross-section Outwash O2-O2’, runs sub-parallel to Gordon Street from College Avenue at the 

Arboretum at the University of Guelph, south to Clair Road (Figures 4.3.2, 4.3.5). The cross-

section is 4799 m long and the depth to bedrock varies from an exceptionally deep 43.39 to 

12.19 m.b.g.s with an average of 22.53 m b.g.s. This cross-section contains strong variations in 

lithology. The primary Quaternary sediment lithology encountered, by depth, is muddy diamict 

followed by mud and sand at 29, 25, and 12 % respectively (Table 4.3.2).  

 The bedrock surface elevation undulates significantly along the cross-section and decreases 

towards the left (northwest) and is lowest in well GDC-1. The sediment lithologies encountered 

are heterogeneous but the muddy lithologies are found predominantly to the left (northwest) 

farther from the moraine and sand and gravel dominated lithologies are prevalent to the right 

(southeast) of well 6702577 towards the frontslope and moraine gap geomorphic elements.  

Outwash 04-04’ 

Cross-section Outwash O4-O4’, runs sub-parallel to Watson Road from south of the Eramosa 

River to south of Arkell Road (Figures 4.3.2, 4.3.6). The cross-section is 2205 m long and the 

depth to bedrock varies from 14.94 to 3.05 m.b.g.s with an average of 9.75 m b.g.s. The primary 

Quaternary sediment lithology encountered, by depth, is muddy diamict followed by gravelly 

sand and sandy gravel at 71, 8, and 7 % respectively (Table 4.3.2).  

Depth to bedrock increases towards the left (northwest) and is lowest in well 1015 closest to the 

Eramosa River. Muddy diamict lithologies are found throughout the outwash above the  
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Figure 4.3.5: Cross-section O2-O2’, runs from the Arboretum at the University of Guelph, south to Clair road. This section straddles the Outwash 

geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20.
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Figure 4.3.6: Cross-section O4-O4’, runs from south of the Eramosa river to south of Arkell road. This 

section straddles the Outwash geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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Eramosa River valley, whereas, borehole lithologies within the Eramosa River valley are better 

sorted sands and muds. This cross-section lacks the sand and gravel deposits found in many of 

the other outwash cross-sections towards the frontslope element. 

Outwash O5-O5’ 

Cross-section Outwash O5-O5’, runs sub-parallel to the Highway 6 from Stone Road, south to 

Clair Road (Figures 4.3.2, 4.3.7). The cross-section is 4985 m long and the depth to bedrock 

varies from 19.20 to 6.17 m.b.g.s with an average of 13.62 m b.g.s. This cross-section contains 

strong variations in lithology. The primary Quaternary sediment lithology encountered, by depth, 

is muddy diamict followed by gravelly sand and mud at 42, 14, and 13 % respectively (Table 

4.3.2).  

 The bedrock surface elevation undulates slightly across the section and is lowest in well 1249. 

Gravel and sand deposits are found adjacent to the frontslope element as well as in the 

topographic lows in boreholes 1254 and 1249. Muddy diamicts are observed to prevail in 

boreholes 6703244, 6703245, 6702401, and 6703982 where they represent topographic highs 

when compared to the sand and gravel dominated boreholes. 

4.3.2 Frontslope Cross-sections 

Frontslope cross-sections were produced between the relatively flat outwash to the north and the 

hummocky geomorphic elements to the south. A total of 3 cross-sections were drafted in the 

Frontslope element using 19 borehole logs (Figure 4.3.2). 
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Figure 4.3.7: Cross-section O5-O5’, runs sub-parallel to the Hanlon parkway from Stone road, south to Clair road. This section straddles the 

Outwash geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20.
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The most common Quaternary sediment lithology encountered in the boreholes, by total depth, is 

a muddy diamict followed by intermediate diamict at 57 % and 16 % respectively (Table 4.3.3).  

The Frontslope cross-sections generally show an increase in surface elevation to the southwest. 

This is particularly noticeable in cross-section Frontslope F1-F1’. As well, there is significant 

bedrock surface elevation elevations changes. In Frontslope F5-F5’ the bedrock surface elevation 

undulates greater than 20 m over a distance of less than 500 m. In terms of sediment 

composition, the least heterogeneous cross-section is Frontslope F1-F1’ and the most 

heterogenous cross-section is Fronslope F4-F4’. 

 

Table 4.3.3: Material composition within Frontslope Cross-Sections 

 F1-F1’ (% of 

Sediment) 

F4-F4’ (% of 

Sediment) 

F5-F5’ (% of 

Sediment) 

Average (% of 

Sediment) 

Fill 0.00 0.69 0.00 0.23 

Gravel 11.22 0.00 14.15 8.46 

Gravelly Sand 13.09 0.00 8.49 7.19 

Intermediate 

Diamict 

4.42 43.75 0.00 16.06 

Mud 0.00 7.99 0.00 2.66 

Muddy Diamict 71.27 31.60 73.11 58.66 

Muddy Sand 0.00 2.78 0.00 0.93 

Sand 0.00 0.00 0.47 0.16 

Sand and Gravel 0.00 0.00 0.00 0.00 

Sandy Diamict 0.00 0.00 0.00 0.00 

Sandy Gravel 0.00 13.19 3.77 5.66 

Sandy Mud 0.00 0.00 0.00 0.00 

Unknown 0.00 0.00 0.00 0.00 

 

Frontslope F1-F1’ 

Cross-section Frontslope F1-F1’, runs south, sub-parallel to Watson Road between Arkell Road 

and Hume Road (Figures 4.3.2, 4.3.8). The cross-section is 1486 m long and the depth to  
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Figure 4.3.8: Cross-section F1-F1’, runs south, sub-parallel to Watson road between Arkell road and 

Hume road. This section straddles the Frontslope geomorphic element. See Figure 4.3.3 for lithology 

legend, V.E.=20. 
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bedrock varies from 34.76 to 7.20 m.b.g.s with an average of 27.17 m b.g.s. The primary 

Quaternary sediment lithology encountered, by depth, is muddy diamict followed by gravelly 

sand and gravel at 71, 13, and 11 % respectively Table 4.3.3).  

 The bedrock surface elevation is flat lying across the section. Muddy diamict dominates this 

cross-section. In the high topographic relief of the frontslope, the muddy diamict lithologies are 

often interrupted with interbeds of varying thickness of either gravelly sand, sandy gravel or 

gravel lithology.   

Frontslope F4-F4’ 

Cross-section Frontslope F4-F4’, runs south, sub-parallel to Wellington Road 35 between Laird 

Road and Concession Road 4 (Figures 4.3.2, 4.3.9). The cross-section is 2261 m long and the 

depth to bedrock varies from 33.84  to 24.39 m.b.g.s with an average of 29.29 m b.g.s. The 

primary Quaternary sediment lithology encountered, by depth, is intermediate diamict followed 

by muddy diamict and sandy gravel at 44, 32, and 13 % respectively (Table. 4.3.3).  

 The bedrock surface elevation is flat lying across the section. Diamict is the predominant 

lithology in this cross-section and is associated with other heterogeneous sediments. Borehole 

6702366 shows a bedrock-diamict-sand-mud-diamict sequence similar to a meltwater dominated 

trough fill sequence (Paul, 1984). 

Frontslope F5-F5’ 

Cross-section Frontslope F5-F5’, runs south across Clair Road (Figures 4.3.2, 4.3.10). The cross-

section is 1629 m long and the depth to bedrock varies from 39.02 to 17.38 m.b.g.s with an 
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Figure 4.3.9: Cross-section F4-F4’, runs south, sub-parallel to Wellington Road 35 between Laird road 

and Concession Road 4. This section straddles the Frontslope geomorphic element. See Figure 4.3.3 for 

lithology legend, V.E.=20. 
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Figure 4.3.10: Cross-section F5-F5’, runs south across Clair road. This section straddles the Frontslope 

geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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average of 28.20 m b.g.s. This cross-section contains strong variations in lithology. The primary 

Quaternary sediment lithology encountered, by depth, is muddy diamict followed by gravel and 

gravelly sand at 73, 14, and 8 % respectively (Table 4.3.3).  

 Bedrock is not encountered in sufficient boreholes in this cross-section to observe any trends; 

however, bedrock surface elevation varies drastically between boreholes 6700932, 6706532, and 

6702482.  The sediment lithologies encountered are heterogeneous, however, sand and gravel 

sediments exist at the ground surface in boreholes 7054125, 7136046, and 6700932, which 

correspond to the frontslope element down to the outwash. Muddy diamict dominates the highest 

portion of the frontslope and continues into the hummocky element.  

 

4.3.3 Hummocky Cross-sections 

Hummocky cross-sections were produced between the frontslope to the north and the backslope 

geomorphic elements to the south. A total of 6 cross-sections were drafted in the Hummocky 

element using 56 borehole logs (Figure 4.3.2). The most common Quaternary sediment lithology 

encountered in the boreholes, by total depth, is an intermediate diamict followed by muddy 

diamict at 27 % and 24 % respectively (Table 4.3.4). 

Relative to the other cross-sections, the Hummocky cross-sections tend to be more 

heterogeneous in terms of sediment composition. The most heterogeneous hummocky cross-

section is Hummocky H1-H1’ and the least heterogenous cross-section is Hummocky H3-H3’. 

All the cross-sections through the hummocky element are found within the high relief of the 

moraine with knolls and depressions. This creates an uneven surface topography in these cross-

sections. 
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Table 4.3.4: Material composition within Hummocky Cross-Sections 

 H1-H1’ (% 

of Sediment) 

H2-H2’ (% of 

Sediment) 

H3-H3’ (% of 

Sediment) 

H5-H5’ (% 

of Sediment) 

H6-H6’ (% 

of Sediment) 

Average (% of 

Sediment) 

 

Fill 0.00 0.00 0.00 0.00 0.00 0.00 

Gravel 33.84 8.80 0.59 8.98 3.11 11.06 

Gravelly Sand 2.53 0.00 11.28 5.81 3.22 4.57 

Intermediate 

Diamict 

20.58 11.10 41.81 37.70 21.72 26.58 

Mud 0.63 8.80 0.36 9.93 0.00 3.94 

Muddy 

Diamict 

34.47 33.37 17.70 20.38 14.53 24.09 

Muddy Sand 0.00 6.82 12.11 3.17 0.00 4.42 

Sand 0.00 1.97 3.56 1.06 39.75 9.27 

Sand and 

Gravel 

0.00 5.78 0.00 0.00 0.00 1.16 

Sandy 

Diamict 

0.00 20.56 0.00 0.53 14.22 7.06 

Sandy Gravel 3.79 0.00 1.78 0.42 0.00 1.20 

Sandy Mud 4.17 2.79 10.81 9.40 1.49 5.73 

Unknown 0.00 0.00 0.00 2.64 1.96 0.92 

 

Hummocky H1-H1’ 

Cross-section Hummocky H1-H1’, runs southeast, sub-parallel to Watson Road (Figures 4.3.2, 

4.3.11). The cross-section is 1616 m long and the depth to bedrock of boreholes in the element 

varies from 40.55 to 32.93 m.b.g.s with an average of 35.82 m b.g.s. The primary Quaternary 

sediment lithology encountered, by depth, is muddy diamict followed by gravel and intermediate 

diamict at 34, 34, and 21 % respectively (Table 4.3.4).  

 The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

lithologies encountered are heterogeneous, however, a general trend is seen in boreholes 

6702776, 7122203, 6705376, and 6710195 where better sorted gravel, sand and mud sediments 

are found between units of diamict. No trend is observed in subsurface distribution of sediments 

relative to topography on the scale of individual knolls and depressions.   
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Figure 4.3.11: Cross-section H1-H1’, runs sub-parallel to Watson road. This section straddles the 

Hummocky geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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Hummocky H2-H2’ 

Cross-section Hummocky H2-H2’, runs southeast, sub-parallel to the Highway 6 from Clair 

Road to past Maltby Road (Figures 4.3.2, 4.3.12). The cross-section is 2677 m long and the 

depth to bedrock of boreholes in the element varies from 39.00 to 24.80 m.b.g.s with an average 

of 32.81 m b.g.s. This cross-section contains strong variations in lithology. The primary 

Quaternary sediment lithology encountered, by depth, is muddy diamict followed by sandy 

diamict and intermediate diamict at 33, 21, and 11 % respectively (Table 4.3.4).  

 The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

lithologies encountered show a dominance of diamicts. However, the key characteristic of this 

cross-section is the large packages of gravel, muddy sand, sand, mud, and sandy mud in 

boreholes 6702482 to 1212. These boreholes are capped with diamict. The boreholes also have a 

basal unit of diamict above bedrock. Areas with these well-defined sequences of bedrock-

diamict-sorted lithologies-diamict appear to occupy relative topographic lows on the scale of the 

entire moraine. However, no trends are observed in the subsurface distribution of sediments 

relative to topography on the scale of individual knolls and depressions. 

Hummocky H3-H3’ 

Cross-section Hummocky H3-H3’, runs southeast, sub-parallel to Victoria Road from Clair Road 

to past Maltby Road (Figures 4.3.2, 4.3.13). The cross-section is 2957 m long and the depth to 

bedrock of boreholes in the element varies from 34.15 to 20.43 m.b.g.s with an average of 28.89 

m b.g.s. This cross-section contains strong variations in lithology. The primary Quaternary 
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Figure 4.3.12: Cross-section H2-H2’, runs sub-parallel to the Hanlon Parkway (HWY 6) from Clair road to past Maltby road. This section 

straddles the Hummocky geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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Figure 4.3.13: Cross-section H3-H3’, runs south, sub-parallel to Victoria road from Clair road to past Maltby road. This section straddles the 

Hummocky geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20.
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sediment lithology encountered, by depth of all boreholes in the section, is intermediate diamict 

followed by muddy diamict and muddy sand at 42, 18, and 12 % respectively (Table 4.3.4).  

 The bedrock surface elevation undulates and decreases to the southeast (right).  The sediment 

lithologies encountered show a dominance of diamicts. Sand lithologies are prevalent in the 

center of the section towards the bottom of the Quaternary sediment in boreholes 6708096 to 

6703494, all of which are overlain by diamict. No trends are observed in the subsurface 

distribution of sediments relative to topography on the scale of individual knolls and depressions. 

Hummocky H5-H5’ 

Cross-section Hummocky H5-H5’, runs south, sub-parallel to Gordon Street (Figures 4.3.2, 

4.3.14). The cross-section is 3513 m long and the depth to bedrock of boreholes in the element 

varies from 44.21 to 17.38 m.b.g.s with an average of 32.08 m b.g.s. This cross-section contains 

strong variations in lithology. The primary Quaternary sediment lithology encountered, by depth 

of all boreholes in the section, is intermediate diamict followed by muddy diamict and mud at 38, 

20, and 10 % respectively (Table 4.3.4).  

 The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

lithologies encountered are predominately diamicts with the exception of sediments between 

boreholes 6703317 and 6704328, which include thick packages of better sorted lithologies such 

as gravels, gravelly sands, and sandy muds and sometimes lack basal or capping units of diamict.  

No trends are observed in the subsurface distribution of sediments relative to topography on the 

scale of individual knolls and depressions.
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Figure 4.3.14: Cross-section H5-H5’, runs south, sub-parallel to Gordon street. This section straddles the Hummocky geomorphic element. See 

Figure 4.3.3 for lithology legend, V.E.=20.
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Hummocky H6-H6’ 

Cross-section Hummocky H6-H6’, runs south, oblique to Wellington Road 35 (Figures 4.3.2, 

4.3.15). The cross-section is 3658 m long and the depth to bedrock of boreholes in the element 

varies from 37.30 to 24.39 m.b.g.s with an average of 31.48 m b.g.s. This cross-section contains 

strong variations in lithology. The primary Quaternary sediment lithology encountered, by depth 

of all boreholes in the section, is sand followed by intermediate diamict and muddy diamict at 

40, 22, and 15 % respectively (Table 4.3.4).  

 The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

lithologies encountered are predominately diamicts with the exception of sediments between 

boreholes 6702365 and 6715097, which include thick packages of better sorted lithologies such 

as gravels, gravelly sands, sands, and sandy muds. These boreholes account for the majority of 

the unusually high amount of sand in this cross-section of the Paris moraine. However, no trends 

are observed in the subsurface distribution of sediments relative to topography on the scale of 

individual knolls and depressions. 

 

4.3.4 Backslope Cross-sections 

Backslope cross-sections were produced between the Hummocky elements to the north and the  

outwash of the nearby Galt moraine to the south. A total of 6 cross-sections were drafted in the 

Backslope element using 40 borehole logs (Figure 4.3.2). The most common Quaternary 

sediment lithology encountered in the boreholes, by total depth, is intermediate diamict followed 

by muddy diamict at 29 and 28 % respectively (Table 4.3.5). The Backslope cross-sections 
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Figure 4.3.15: Cross-section H6-H6’, runs south, oblique to Wellington Road 35. This section straddles the Hummocky geomorphic element. See 

Figure 4.3.3 for lithology legend, V.E.=20. 
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Table 4.3.5: Material Composition within Backslope Cross-Sections 

 B2-B2’ (% 

of Sediment) 

B3-B3’ (% of 

Sediment) 

B4-B4’ (% of 

Sediment) 

B5-B5’ (% of 

Sediment) 

B7-B7’ (% of 

Sediment) 

Average (% of 

Sediment) 

Fill 0.00 0.00 0.00 0.00 0.00 0.00 

Gravel 3.58 2.23 0.00 12.06 27.33 3.86 

Gravelly Sand 0.00 5.35 13.36 0.00 0.00 3.74 

Intermediate 

Diamict 

18.35 12.03 47.37 0.00 47.67 28.98 

Mud 6.29 3.12 3.77 3.25 1.66 3.75 

Muddy 

Diamict 

12.08 49.50 8.41 40.60 23.33 27.94 

Muddy Sand 0.00 0.00 0.00 0.00 0.00 0.00 

Sand 44.02 0.00 4.64 20.88 0.00 13.91 

Sand and 

Gravel 

0.00 0.00 0.00 0.00 0.00 0.00 

Sandy 

Diamict 

0.00 3.69 12.56 0.00 0.00 3.25 

Sandy Gravel 0.00 24.08 0.00 0.00 0.00 4.82 

Sandy Mud 15.68 0.00 9.90 23.20 0.00 9.76 

Unknown 0.00 0.00 0.00 0.00 0.00 0.00 

 

generally show a decrease in surface elevation to the southwest. Backslope cross-sections are all 

similarly heterogeneous in sediment composition. 

 

Backslope B2-B2’ 

Cross-section Hummocky B2-B2’, runs southeast between Maltby Road and Wellington Road 34 

(Figures 4.3.2, 4.3.16). The cross-section is 1786 m long and the depth to bedrock of boreholes 

in the element varies from 26.22 to 22.87 m b.g.s with an average of 25.08 m b.g.s. This cross-

section contains strong variations in lithology. The primary Quaternary sediment lithology 

encountered, by depth of all boreholes in the section, is sand followed by intermediate diamict 

and sandy mud at 44, 18, and 16 % respectively (Table 4.3.5).  
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Figure 4.3.16: Cross-section B2-B2’, runs south between Maltby road and Wellington Road 34. This 

section straddles the Backslope geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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 There is no significant trend apparent in the bedrock surface elevation.  The sand, mud, and 

muddy sand are located in the boreholes in the center of the section (boreholes 6711113 to 

6711669) where they form part of a terrace on the backslope. Diamict dominates boreholes at 

either end of the section. 

Backslope B3-B3’ 

Cross-section Hummocky B3-B3’, runs southeast, sub-parallel to Gordon Street between Maltby 

Road and Wellington Road 34 (Figures 4.3.2, 4.3.17). The cross-section is 1580 m long and the 

depth to bedrock of boreholes in the element varies from 29.88 to 22.56 m b.g.s with an average 

of 26.75 m b.g.s. This cross-section contains strong variations in lithology. The primary 

Quaternary sediment lithology encountered, by depth of all boreholes in the section, is muddy 

diamict followed by sandy gravel and intermediate diamict at 50, 24, and 12 % respectively 

(Table 4.3.5). 

Depth to bedrock increases to the southeast (right).  The sediment lithologies encountered are 

predominately diamict. Boreholes 7050872 to 6704295 are all capped with a diamict unit and 

where the boreholes are completed in bedrock, also contain a basal diamict. In between these two 

diamict packages, are sands, gravels, and diamicts with coarser matrix. 

Backslope B4-B4’ 

Cross-section Hummocky B4-B4’, runs south, sub-parallel to Victoria Street between Maltby 

Road and Wellington Road 34 (Figures 4.3.2, 4.3.18). The cross-section is 1252 m long and the 

depth to bedrock of boreholes in the element varies from 25.00 to 14.33 m b.g.s with an average 

of 20.11 m b.g.s. This cross-section contains strong variations in lithology. The primary  
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Figure 4.3.17: Cross-section B3-B3’, runs south, sub-parallel to Gordon street between Maltby road and 

Wellington Road 34. This section straddles the Backslope geomorphic element. See Figure 4.3.3 for 

lithology legend, V.E.=20. 
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Figure 4.3.18: Cross-section B4-B4’, runs south, sub-parallel to Victoria street between Maltby road and 

Wellington Road 34. This section straddles the Backslope geomorphic element. See Figure 4.3.3 for 

lithology legend, V.E.=20. 
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Quaternary sediment lithology encountered, by depth of all boreholes in the section, is 

intermediate diamict followed by gravelly sand and sandy diamict at 47, 13, and 13 % 

respectively (Table 4.3.5).  

 The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

encountered in this section consists of diamict lithologies and a relatively high percentage of 

better sorted sands and muds.  

Backslope B5-B5’ 

Cross-section Hummocky B5-B5’, runs east, oblique to Wellington Road 34 (Figures 4.3.2, 

4.3.19). The cross-section is 1104 m long and the depth to bedrock of boreholes in the element 

varies from 23.48 to 5.95 m b.g.s with an average of 16.43 m b.g.s. This cross-section contains 

strong variations in lithology. The primary Quaternary sediment lithology encountered, by depth 

of all boreholes in the section, is muddy diamict followed by sandy mud and sand at 41, 23, and 

21 % respectively (Table 4.3.5).  

The bedrock surface elevation undulates but no significant trend is apparent.  The sediment 

lithologies encountered in this section show a trend of better sorted sediments; gravel, muddy 

sand, and sand at the base, capped by diamict packages (boreholes 6714139 to 6705091). 

Backslope B7-B7’ 

Cross-section Hummocky B7-B7’, runs south, sub-parallel to Watson Road between Hume Road 

and Maltby Road (Figures 4.3.2, 4.3.20). The cross-section is 1693 m long and the depth to 

bedrock of boreholes in the element varies from 36.58 to 26.52 m b.g.s with an average of 31.55 

m b.g.s. This cross-section contains strong variations in lithology. The primary Quaternary  
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Figure 4.3.19: Cross-section B5-B5’, runs east, oblique to Wellington Road 34. This section straddles the 

Backslope geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20. 
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Figure 4.3.20: Cross-section B7-B7’, runs south, sub-parallel to Watson road between Hume road and 

Maltby road. This section straddles the Backslope geomorphic element. See Figure 4.3.3 for lithology 

legend, V.E.=20. 
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sediment lithology encountered, by depth of all boreholes in the section, is intermediate diamict 

followed by gravel and muddy diamict at 48, 27, and 23 % respectively (Table 4.3.5).  

Depth to bedrock increases towards the south (right) though relatively few boreholes reach 

bedrock in this cross section.  The sediment lithologies encountered within the bounds of the 

Backslope element are heterogeneous without an identifiable spatial trend. However, thick 

packages of gravel exist in boreholes 6706319 and 6707199, which are found adjacent 

(northwest) to the Backslope in the Hummocky element and in the Backslope element, 

respectively. As well, better sorted lithologies of sands and muds are found in the boreholes 

southeast (right) of the Backslope element in the outwash of the Galt moraine. 

 

4.3.5 Select Local Cross-sections 

The select local cross-sections were produced to examine local changes in lithology of the 

Outwash and frontslope, hummocky, and moraine gap geomorphic elements. A total of 6 cross-

sections were drafted in these elements using 45 borehole logs (Figure 4.3.2). Three cross-

sections were produced for the outwash and frontslope element; 2 cross-sections longitudinally 

and 1 transverse to the geomorphic elements (Table 4.3.6). Two cross-sections were drafted 

through the Hummocky element; 1 longitudinally and 1 transverse to the geomorphic elements 

(Table 4.3.6). One cross-section was completed for the moraine gap that cuts through the Paris 

moraine at the Nassagaweya–Puslinch Townline and Arkell Road. 

Outwash and Frontslope Elements 

Cross-section S1-S1’ is longitudinal (perpendicular) to the frontslope at the Arkell Research 

Station (Figures 4.3.2, 4.3.21). It is 1555 m long and the depth to bedrock ranges from 22.87 to 

12.96 m b.g.s. The primary Quaternary sediment lithology encountered, by depth of all boreholes 
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Table 4.3.6: Material Composition of Select Cross-Sections 

 S1 (% of 

sediment) 

S2 (% of 

sediment) 

S3  (% of 

sediment) 

S4  (% of 

sediment) 

S5  (% of 

sediment) 

M1  (% of 

sediment) 

Gravel 9.17 3.48 27.77 21.22 19.91 25.37 

Sandy 

Gravel 

4.21 5.92 0.00 1.99 29.98 0.00 

Sand and 

Gravel 

0.00 22.47 0.00 0.00 0.00 0.00 

Gravelly 

Sand 

27.62 14.33 24.00 17.51 2.14 19.33 

Sand 12.80 2.06 4.36 1.33 0.00 4.83 

Muddy Sand 5.50 5.02 12.95 1.46 0.00 0.00 

Sandy 

Diamict 

10.36 5.57 14.91 0.00 0.00 7.05 

Intermediate 

Diamict 

11.67 34.79 0.00 37.14 14.67 14.70 

Muddy 

Diamict 

18.23 2.28 2.55 18.56 29.76 26.18 

Sandy Mud 0.00 2.85 0.00 0.00 3.53 1.01 

Mud 0.00 0.17 13.45 0.00 0.00 1.41 

Fill 0.00 1.04 0.00 0.80 0.00 0.00 

Unknown 0.45 0.00 0.00 0.00 0.00 0.11 

 

 

in the section, is gravelly sand followed by muddy diamict and sand at 28, 18, and 13 % 

respectively (Table 4.3.6). This cross-section contains strong variations in lithology. The bedrock 

surface elevation was not encountered in most holes thus, trends of the bedrock are not observed. 

However, the sediment lithologies encountered show muddy sand, sand, and gravelly sand, 

interbedded with gravel and sandy diamict layers. 

Cross-section S2-S2’ is longitudinal to the frontslope between Gordon Street and Victoria Road 

(Figures 4.3.2, 4.3.22) in the outwash element, adjacent to the Paris moraine. The cross-section is 

936 m long and none of the boreholes reach bedrock, thus the depth to bedrock surface elevation 

is unknown. The primary Quaternary sediment lithology encountered, by depth of all boreholes 

in the section, is intermediate diamict followed by sand and gravel, and gravelly sand at 35, 22, 

and 14 % respectively (Table 4.3.6). These boreholes show a general trend in subsurface 

distribution of sediments relative to topography. The high topographic elevations are dominated  
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Figure 4.3.21: Select local cross-section S1-S1’ is located longitudinally to the Frontslope at the Arkell 

Research Station. This section is found in the Frontslope geomorphic element. See Figure 4.3.3 for 

lithology legend, V.E.=20. 
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Figure 4.3.22: Select local cross-section S2-S2’ is located longitudinally to the Frontslope between 

Gordon street and Victoria road. This section is found in the Outwash geomorphic element. See Figure 

4.3.3 for lithology legend, V.E.=20. 
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by diamict sediments while the lower elevations and the slopes coming off the high elevations 

are composed of sands and gravels. 

Cross-section S3-S3’ is located transversely to the frontslope at the Arkell Research Station 

(Figures 4.3.2, 4.3.23). It is 1652 m long and the depth to bedrock ranges from >21.34 to 9.15 m 

b.g.s. This cross-section contains strong variations in lithology. The primary Quaternary  

sediment lithology encountered, by depth of all boreholes in the section, is gravel followed by 

gravelly sand and sandy diamict at 28, 24, and 15 % respectively (Table 4.3.6).  The bedrock 

surface elevation undulates but no significant trend is apparent. Gravelly sand, sandy gravel, and 

gravel lithologies are common at the surface overlying diamict and mud. As well, the sediment 

lithologies in the boreholes away from the base of the frontslope contain more mud and diamict. 

Another trend is observed is the thinning of sand and gravel packages away from the Paris 

moraine. 

Hummocky Elements 

Cross-section S4-S4’ is longitudinal to the hummocky element and crosses Victoria Road 

between Clair and Maltby Roads (Figures 4.3.2, 4.3.24). It is 1124 m long and the depth to 

bedrock ranges from 33.23 to 29.88 m b.g.s. with an average of 31.33 m b.g.s. The primary 

Quaternary sediment lithology encountered, by depth of all boreholes in the section, is 

intermediate diamict followed by gravel and muddy diamict at 37, 21, and 19 % respectively 

(Table 4.3.6).  There are no significant trends apparent in the bedrock surface. However, the 

sediment lithologies encountered show boreholes where gravel is prevalent, alternating with 

boreholes where diamict is prevalent.   
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Figure 4.3.23: Select local cross-section S3-S3’ is located transversely to the Outwash and Frontslope at 

the Arkell Research Station. This section is found in the Outwash and Frontslope geomorphic element. 

See Figure 4.3.3 for lithology legend, V.E.=20. 
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Figure 4.3.24: Select local cross-section S4-S4’ is located longitudinally to the Hummocky element, sub-

parallel to Clair road. This section is found in the Hummocky geomorphic element. See Figure 4.3.3 for 

lithology legend, V.E.=20. 
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Cross-section S5-S5’ is transverse to the Hummocky element, sub-parallel to Victoria Road 

(Figures 4.3.2, 4.3.25). It is 899 m long and the depth to bedrock ranges from 40.55 to 31.40 

m.b.g.s with an average depth of 35.58 m b.g.s. The primary Quaternary sediment lithology 

encountered, by depth of all boreholes in the section, is sandy gravel followed by muddy diamict 

and gravel at 30, 30, and 20 % respectively (Table 4.3.6).  Bedrock surface elevation decreases 

towards the south (right).  The sediment lithologies encountered show boreholes where gravel is 

prevalent, alternating with boreholes where diamict is prevalent. In the boreholes where diamict 

is prevalent, there are packages of sands and gravel between two diamict packages, similar to the 

topographic trough fill sequence for supraglacial environments (Paul, 1984). 

Moraine Gap Element 

Cross-section M1-M1’ is located transversely to the Paris moraine, and crosses the intersection 

of Nassagaweya–Puslinch townline and Arkell Road (Figures 4.3.2, 4.3.26.). It follows a dry 

valley. It is 3184 m long and the depth to bedrock ranges from >29.87 to 0.17 m.b.g.s with an 

average depths of 11.36 m b.g.s. This cross-section contains strong variations in lithology. The 

primary Quaternary sediment lithology encountered, by depth of all boreholes in the section, is 

muddy diamict followed by gravel and gravelly sand at 26, 25, and 19 % respectively (Table 

4.3.6).  The bedrock surface elevation undulates but no significant trend is apparent. The 

sediment lithologies encountered are heterogeneous with some boreholes dominated by diamict 

and other dominated by gravel or gravelly sand. 
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Figure 4.3.25: Select local cross-section is located transversely to the Hummocky element, sub-parallel to 

Victoria road. This section is found in the Hummocky geomorphic element. See Figure 4.3.3 for lithology 

legend, V.E.=20.
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Figure 4.3.26: Select local cross-section M1-M1’ is located transverse to the Paris moraine, and found at the intersection of Nassagaweya–

Puslinch townline and Arkell road. This section is in the moraine Gap geomorphic element. See Figure 4.3.3 for lithology legend, V.E.=20.
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5.0 Interpretation, Discussion, and Synthesis 

The purpose of this investigation is to complement the initial surficial mapping of Guelph’s 

geology initiated by Karrow (1968; 1987) by providing data on the subsurface heterogeneity of 

Quaternary sediment associated with the Paris moraine and by creating a conceptual model for 

the formation of the moraine in this area. The three categories of data collected (high resolution 

boreholes, geomorphic mapping and cross sections) define the nature and spatial distribution of 

subsurface sediments within the Paris moraine and can help to identify trends in the spatial 

variability of those sediments. With these data, a conceptual model for the formation of the Paris 

moraine can now be developed and compared to other models of hummocky moraine formation 

and to the established regional stratigraphy.  

As discussed in the literature review, two key models of hummocky moraine formation are 

identified from the literature. They are the subglacial deformation model and the controlled ice-

cored moraine model. The subglacial deformation model argues that hummocky moraine 

topography was produced subglacially by the pressing of dead ice into soft, clay-rich basal till 

(Stalker, 1960; Eyles et al., 1999). The ice-cored controlled moraine model argues that trough 

filling and relief inversion, typically described as representing the supraglacial environment 

(Boulton, 1972) can be adapted to explain some cases of hummocky topography formation by 

active ice-retreat (Evans, 2009). 

The discussion then compares the stratigraphy of the study area that was developed from the 

high resolution boreholes and built into the conceptual model to the framework of regional 

studies.  Additionally, these results are discussed in the context of their hydrogeologic 

implications. 
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5.1 Integration of Geomorphic Elements 

5.1.1 Pro-Paris Moraine Outwash 

The outwash north of the Paris moraine was not the focus of this investigation. Nonetheless, 

based on the provincial DEM (Provincial Digital Elevation Model, 2007), previous mapping by 

Karrow (1968, 1987, as digitized in Surficial Geology of Southern Ontario, 2010; Figure 2.4) 

and Chapman and Putnam (1984, as digitized in Physiography of Southern Ontario, 2007; Figure 

2.2), as well as the slope angle map of the Guelph area (Figure 4.2.3), some significant 

observations should be mentioned in relation to the Paris moraine. North of the frontslope of the 

Paris moraine along the entire extent through the Guelph area are gravel and sand deposits 

(Physiography of Southern Ontario, 2007). The outwash plains extend from the frontslope to the 

Eramosa/Speed River, generally through topographic lows (Provincial Digital Elevation Model, 

2007). Often, within these outwash plains, topographic highs are found mapped as drumlinized 

till plains. However, the geomorphology is not always that simple. Straw (1988) associates the 

topographic highs in the vicinity of the City of Guelph, that Karrow (1968) identifies as 

consisting of till and Chapman and Putnam (1984) as drumlinized till plain, with a pre-Paris ice-

sheet limit named the Guelph moraine, though this interpretation has not been discussed by 

resent researchers (Sadura et al., 2006; Burt, 2011; Bajc and Dodge, 2011). Data was not 

collected in this investigation to test either of these interpretations. 

5.1.2 Frontslope 

The frontslope of the Paris moraine is mapped as the slope leading up from the proglacial 

outwash to the top of the first significant hillcrest before the elevation levels off or descends. The 

slopes associated with these hills are often steep. The steepest slope observed in the study area is 

23.6° and was indeed observed in the frontslope element. Reports in the literature of ridge slope 
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include 32° in a contemporary example of a controlled moraine from an outlet glacier in 

Ragnarbreen, Svalbard, which still maintains ice-cores today (Etertowski et al., 2012). 

The elevation profile of the frontslope elements is clearly seen along Arkell Road and Watson 

Road (Figure 4.2.5) and Victoria Road, Gordon Street, and Concession 7 (Figure 4.2.6). The 

hillcrest in these elevation profiles is similar to the hillcrest identified in Etertowski et al. (2012) 

as the “culmination moraine ridge”. In their classification scheme of controlled moraine 

elements, the frontslope element of this study would consist of the outer moraine ridge (Subzone 

I) and the distal slope of the culmination moraine ridge (Subzone II). However, there is a large 

difference in scale between the two end moraines (the Paris moraine is discontinuous and 

hundreds of kilometers long and in the Guelph area up to 5 km wide (Figure 4.2.3), compared to 

1.2 km long and 300 to 400 m wide for the Ragnarbreen moraine complex of Etertowski et al. 

(2012). As well, the Paris moraine was formed by a relatively unconfined ice sheet, whereas the 

Ragnarbreen moraine was formed by a confined outlet glacier. The scale difference may partially 

explain why in some cases, the highest point in the Paris moraine does not occur near the 

frontslope but in the middle of the hummock elements (for example, Victoria  Road) or what the 

Etertowski et al. (2012) classification scheme may refer to as Subzone III. As well, there is not 

always a distinctive ridge within the Paris moraine (Watson Road and Gordon Street; Figures 

4.2.5, 4.2.6) and in some locations, there may be multiple crests up the frontslope element 

(Victoria Road and Wellington Road 35; Figures 4.2.6, 4.2.7). Thus, the Etertowsky (2012) 

geomorphic classification scheme, one of the few found in the literature for controlled moraine 

environments, does not completely fit the case of the Paris moraine, as would be expected due to 

the differences in scale and glacier types. However, the sedimentary processes associated with 

ice wasting are likely still comparable.  
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Nonetheless, the concept of the culmination ridge is important because it can represent a variety 

of different depositional conditions and is certainly present at the Arkell Research Station. 

Etertowski et al. (2012) attribute their culmination moraine ridge, based on its composition of 

subaqueous silt and sand lithofacies to relief inversion of an ice-walled lake. However, Ham and 

Attig (1996), Andrzejewski (2002), Krzyszkowski and Zielinski (2002), and Sadura et al. (2006), 

attribute these ridges, when found at the front of the moraine complex, to ice-contact conditions 

and associated fans and braided outwash plains. Both origins for these hillcrest ridges are 

plausible in the Paris moraine frontslope based on the lithologic cross-sections discussed below. 

5.1.3 Hummocky 

Although the hillocks and kettles of the moraine are likely to be slightly flattened out in the GPS 

surveys because the surveys were done along roads modified to reduce topographic changes, the 

hummocky nature of the high topographic relief of the Paris moraine is still observed in the 

elevation profiles. Watson Road (Figure 4.2.5), Victoria Road, and Concession 7 (Figure 4.2.6) 

are likely the most representative surveys as these roads are some of the least modified relative to 

the surrounding topography, although admittedly this is somewhat subjective. 

The hummocky element of the Paris moraine roughly corresponds to Subzone II and Subzone III 

from Etertowski et al. (2012). They describe Subzone II as the culmination moraine ridge and 

Subzone III as the moraine plateau. The hillock in Subzone II is steeply sloped and reaches 35 m 

above the sandur. Subzone III consists of depressions and lower hillocks parallel to the axis of 

the end moraine with inactive stream channels running between them. This is similar to the 

modern topographic expression of the Paris moraine hummocky element, with some exceptions. 

For example, the hill slopes are less steep, 23.0°, and there are often multiple distinct hillocks in 

the Paris moraine. The scale of the two moraines as stated above is also very different.  Possible 
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explanations for the difference in slope angle and the number of hillocks may be the presence of 

an ice core in the contemporary example (Etertowsky et al. 2012) that have yet to melt or that the 

Paris moraine is made up of multiple ridges with similar origins to the single culmination ridge 

described in Etertowski et al. (2012).  

Ham and Attig (1996) describe hummocks of end moraine in Wisconsin as irregular, round, and 

elongate hills surrounded by many closed depressions. Within this hummocky relief, circular and 

linear ice disintegration ridges are also present. Two major types of hummocks that Ham and 

Attig (1996) observe are high-relief and low relief hummocks. High-relief hummocks range from 

10 to 60 m high for horizontal distances between 300 and 500 m, and have diameters of 100 to 

500 m. Low-relief hummocks range from 5 to 10 m high, and have diameters of 50 to 150 m. 

Kettles ranging from 50 to more than 500 m wide surround these hummocks. In comparison, 

hummocks in the Paris moraine vary in size from 4 to 28 m in height and cover horizontal 

distances between ~200 to 1600 m or greater.  Ham and Attig (1996) attribute the hummocks to a 

supraglacial source, specifically topographic inversion by trough filling and stagnant ice. 

5.1.4 Backslope 

The backslope is mapped in this investigation as beginning at the top of the final hillock or ridge 

after which the elevation decreases and ends where the slope levels off and becomes flat lying. 

This geomorphic element is not observed in Etertowski et al. (2012) as by definition it is 

considered to be the area still evolving as an ice marginal lake in this contemporary example. 

Thus, at one point the backslope of the Ragnarbreen moraine would have been an ice-contact 

ridge, which is now undergoing modification by lacustrine processes and sediment reworking 

(Etertowski et al., 2012).  
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Ham and Attig (1996) interpret the backslope of the end moraines they investigated in Wisconsin 

to be ice-contact ridges. Sadura et al. (2006) also hypothesize that the area defined as the 

backslope in this investigation represents an ice-contact slope. Both interpretations infer that 

deformation would be common in the ice-contact ridge/slope sediments as ice-pushing would be 

expected based on ice-sheet fluctuations.  Relief inversion would also necessitate a trough to 

have been present and the final ridge/slope of the Paris moraine to be formed similar to any other 

hillock.  

 

5.2 Integration of Cross-sections 

Until this section, the topographic expression of geomorphology and the subsurface 

sedimentology have largely been analyzed separately.  The cross-sections not only allow for 

projecting the high quality borehole data into areas of lower quality or no data , they also allow 

for sediment-landform associations to be created, thus shedding some light on the evolution of 

the geomorphic elements and providing the resulting conceptual model additional predictive 

power for estimating the nature of subsurface sediments throughout the study area.     

5.2.1 Outwash 

Diagnostic features of the outwash include thick packages of muddy diamict above bedrock. This 

is seen in the boreholes in the centre of the cross-section as well as in the high quality borehole 

TGI-1A in cross section O1 (Figure 4.1.7, 4.3.4). These diamicts are likely subglacial traction 

tills, remnants of a pre-Paris ice advance as observed in TGI-1A and mapped by Karrow (1968, 

1987) as the drumlinized till plains of Port Stanley age. These thick packages of muddy diamict 

above bedrock are also seen in cross-section O2 (Figure 4.3.5) between GDC-1 and Stone Road 

and in cross-section O5 (Figure 4.3.7) in the two most northern boreholes. In cross-section O4, 
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these poorly sorted sediments dominate the subsurface, with the only exception being what are 

interpreted as fluvial deposits in a terraced valley created by the Eramosa River to the northwest 

(Figure 4.3.6).  

Another diagnostic feature of the outwash is the concentration of coarse, likely braid plain 

(sandur) deposits proximal to the frontslope of the moraine. This is seen in cross-section O2 and 

to a lesser extent, cross-sections O1 and O5 (Figure 4.3.4, 4.3.5, 4.3.7). As expected in a sandur, 

deposits fine distally in the outwash, a feature observed by the fine-grained lithologies in cross-

section O2 from boreholes 6702577 to 7127729. As well, in the topographic lows in the area 

distal from the ice margin, relatively coarse-grained sediments (gravel and sand) are still 

observed (cross-section O5, boreholes 1254 and 1249). One exception to this trend is found in 

cross-section O1 in borehole 6707181 where gravelly sand is found at a higher elevation than the 

thick packages of muddy diamict in the centre of the cross-section. 

Cross-section S2 (Figure 4.3.22) comprises predominately gravel and sand as well as some 

diamict lithologies. This cross-section is oriented parallel to the Paris moraine in the outwash 

element and displays lithologies consistent with proximal sandur and braided channel systems 

(Zielinski and van Loon, 2002, 2003). An interesting feature is found in cross-section O2 in 

borehole GDC-1 (Figure 4.3.5) . This borehole is located in a depression, which may be a buried 

bedrock valley (Colby Steelman, pers. Comm. 2012) .  Of stratigraphic interest, the borehole is 

characterized by gravel at the base but predominately consists of a similar material to the 

subglacial traction till found in the nearby GDC-2B (Figure 4.1.14) between 14.91 to 11.33 m 

b.g.s. 
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5.2.2 Frontslope 

Creating cross-sections of the frontslope element is difficult. The steep angle of the topography 

means terrain is less desirable for development and thus few subsurface records related to water 

wells or environmental/geotechnical applications exist. Muddy diamict dominates the frontslope 

(Figures 4.3.8, 4.3.9, 4.3.10). Two of the three frontslope cross-sections that were produced, F1 

and F4 (Figure 4.3.8, 4.3.9), contain muddy diamict at the surface. These two cross-sections also 

contain boreholes that have a sedimentary sequence beginning with bedrock, overlain by a 

diamict, then one or a combination of fluvial, lacustrine, and/or mass flow deposits (trough fill 

deposits) that are then capped by another diamict. This sequence is characteristic of trough filling 

and relief inversion (Boulton, 1972) and in hummocky topography formed by ice-cored 

controlled moraines (Evans, 2009). Thus, it follows that the diamict-rich frontslope is likely 

composed of mass flow deposits on the side of the first (northwestern most) trough inversion 

hummock deposited in a controlled moraine environment. 

A different sequence is observed in cross-sections F5 and S1 (Figure 4.3.10, 4.3.21). These 

cross-sections contain sand, gravel, and sandy diamict deposits, as opposed to a cap or diamict, 

on the surface of the slopes leading up to the high relief of the Paris moraine. S1 in particular 

shows bedding with distinct changes in lithology. These characteristics are consistent with 

alluvial deposits in ice-marginal end moraine fans (Krzyszkowski and Zielinski, 2002). In this 

portion of the frontslope, the dominant lithologies are sands and gravels; however, coarse-

grained diamicts are also present, as observed in the nearby high quality borehole, ARS-1A 

(Figure 4.1.5). Thus, the type of fan cut by these cross-sections in the frontslope element likely 

falls under a continuum between the Type B (mass-flow and waterlain deposit dominated) and 

Type C (waterlain deposit dominated) fans presented by Krzyszkowski and Zielinski (2002). 
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This is also consistent with the GPR results reported by Sadura et al. (2006). A trend for the fan 

sediments to fine distally is observed in the entire cross-section of S3 (Figure 4.3.23) and this is 

also consistent with an ice-marginal end moraine fan interpretation (Krzyszkowski and Zielinski, 

2002). 

 

5.2.3 Hummocky 

Cross-sections H1, S4, and S5 (Figures 4.3.11, 4.3.24, and 4.3.25 respectively) are characterized 

by a sedimentary sequence consisting of a base diamict overlain by a package of sand, gravels, 

well sorted fine sediments, or coarser-grained diamicts, which are in turn overlain by a diamict 

cap. Boreholes containing these sediment sequences are sometimes found adjacent to boreholes 

containing thick packages of sands and/or gravels as well as boreholes that consist entirely of 

diamict. If the sand, gravel, and well sorted fine sediments are interpreted as representing 

waterlain sediments, as they are in the high resolution boreholes VAN-1A and VPV-1A (Figure 

4.1.9, 4.1.12), boreholes with the bedrock-diamict-waterlain-diamict sequence are consistent 

with those formed under supra-glacial deposition in a meltwater dominated trough (Paul, 1984). 

In addition, the boreholes with this typical sequence would be expected in a position at the top of 

a hummock or on the flanks of a hummock. The boreholes that consist primarily of diamict 

interpreted as sediment-gravity flow deposits (as in VPV-1A and VAN-1A), are similar to 

sediment-gravity flow dominated troughs, and would be expected to be found at the top of a 

hummock, flanks of a hummock, as well as in the depressions between hummocks, where the 

sediments are deposited by mass flows (Boulton, 1972; Boulton and Paul, 1976, Paul, 1984). At 

some locations, the lower diamict packages are not present and the trough sediments lie on 

bedrock; however, this is still consistent with these trough fill models (Paul, 1984). Thus, the 
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hummocky cross-sections demonstrate the same trend observed in the frontslope of trough 

inversion hummocks deposited in a controlled moraine environment. 

Cross-sections H2, H3, H5, and H6 (Figures 4.3.12, 4.3.13, 4.3.14, 4.3.15) contain a wide range 

of diamict lithologies ranging from predominately muddy matrix to predominately sandy matrix. 

These reflect the wide range of possible origins for diamicts in this geomorphic element. 

Possible depositional origins include subglacial traction till and melt-out till (Evans et al., 2006) 

as well as all of the types of sediment-gravity flows (Lawson, 1982) including debris flows in the 

supraglacial and ice-marginal environment (Etertowski et al., 2012). Diamicts in this element are 

observed in the high quality boreholes VAN-1A and VPV-1A (Figure 4.1.9, 4.1.12). 

Depositional settings of these diamicts are difficult to interpret because sedimentary structure 

was not recovered or is not present and the lithologies can be a function of sediment source as 

well as the amount of reworking of the sediment. However, other attributes such as density, 

stratigraphic position, and interbeds along with the lithology can eliminate certain depositional 

settings. In terms of the high quality boreholes in the hummocky element, the diamicts at the 

stratigraphic position above bedrock retain characteristics consistent with either a subglacial till 

or overridden older diamict origin. Diamicts at other stratigraphic positions often retain 

characteristics of sediment-gravity flows.  

Another trend observed in these cross-sections is for laterally large packages of glaciofluvial and 

glaciolacustrine deposits to be located southeast of the initial frontslope hillock and adjacent to 

moraine gap elements in cross-sections H5 and H6 (Figure 4.3.14, 4.3.15). If these packages in 

multiple boreholes represent large, single trough fills, then these trough fill hummocks are 

significantly larger (> 1 km) than hummocks observed by Ham and Attig (1996). It is possible 
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that the expected intervening flank or depression mass flow deposits (diamict) were not 

encountered because of the limited borehole spatial resolution or because of the lack of 

subsurface records in those intervening areas. However, multiple hummocks are not observed on 

the high quality GPS elevation surveys of adjacent roads (Figure 4.2.12, 4.2.13). In fact, the 

boreholes associated with these packages are found in relatively low areas within the moraine. 

This may be a case where topographic inversion does not result in a relative high due to the 

continued reworking by meltwater or the sudden drainage of this ponded-up trough erodes a 

large part of the trough fill before the underlying ice completely melts and the sediments are 

deposited on the ground surface (Boulton, 1972; Benn and Evans, 2010). This interpretation is 

supported by the adjacent moraine gaps and their interpretation as erosional features. 

A different interpretation for the diamict-waterlain/mass flow stratified sediments-diamict 

sequence is that the trough fill sediments are instead recessional supraglacial deposits associated 

with the glacial advance recorded by the lower subglacial deposits and that the sequence records 

two distinct ice advances. However, this is not supported by the high quality boreholes within the 

hummocky element, VAN-1A and VPV-1A (Figure 4.1.9, 4.1.12), which do not record evidence 

of overriding or any distinct lithologic sequence for a second advance/retreat cycle in the upper 

most diamict unit. 

5.2.4 Backslope 

As with the frontslope element, creating cross-sections of the backslope element is difficult. The 

steep angle of the topography means terrain is less desirable for development and thus fewer 

subsurface records exist. Cross-sections B3 and B5 (Figure 4.3.17, 4.3.19) display the bedrock-

diamict-trough-fill-diamict sequence characteristic of supraglacial deposition (Boulton, 1972; 

Boulton and Paul, 1976, Paul, 1984) as established for the frontslope and hummocky geomorphic 
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elements. In this case, the backslope represents the flank of the last trough fill hummock 

deposited in the Paris moraine. 

Cross-sections B2 and B4 (Figures 4.3.16, 4.3.18) contain sandy and fine-grained lithologies on 

the surface of their slopes. These two cross-sections contain more mud and sandy mud sediments 

than the hummocky and frontslope (Tables 4.3.3-4.3.6) cross-sections. The concentration of 

these types of sediments points towards lower energy environments within the backslope 

element. Ice-marginal lakes are common in modern glaciers, and in controlled moraine 

environments (for example Ewertowski et al., 2012; Spedding and Evans, 2002). Thus, these 

concentrations can be interpreted as meltwater reworking and ponding during ice retreat. 

Outwash fans at the final ice-contact slope as documented by Ham and Attig (1996) for end 

moraines in Wisconsin are not observed in the Paris moraine south of Guelph.  The location of 

these boreholes with high concentrations of fluvial and/or lacustrine deposits are in proximity to 

modern tributaries for Mill Creek (Figure 4.3.2) and these deposits are possibly the remnants of 

older, larger meltwater streams, which occupied similar position to the modern day Mill Creek 

when the moraine was much more geomorphologically active 

An outstanding issue with a few of the cross-sections, is the presence of boreholes with a high 

percentage of muddy diamict in places where other lithologies would be expected. For example, 

muddy diamict was found in the hummocky element where coarser diamict from sediment flow 

deposits might be expected. There are two explanations for this. The first assumes that the 

descriptor “muddy diamict” is accurate, and thus may be explained by either (i) a lateral facies 

change in the diamict whereby coarse grained diamicts typical for this area are reworked and 

mixed with finer-grained sediments or (ii) the presence of buried (or palimpsest), high relief pre-
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Paris moraine sediments. The second possible explanation, is that the descriptor is inaccurate. It 

is well establish that the MOE water well database over estimates fines. Dumedah and 

Schuurman (2008) test the Russel et al. (1998) scheme of standardization and suggest that 

misclassifications exist in the description of fine geologic materials, particularly, clay and silt.  

The more likely explanation is difficult to establish with the current data set. This requires 

further study to be resolved.  

 

5.3 Geological Framework of the Paris Moraine  

5.3.1 Model Foundation 

Integration of the subsurface borehole data using lithologic cross-sections through the Paris 

moraine geomorphic elements in the Guelph area supports a supraglacial origin for the high 

relief hummocky topography of the Paris moraine with the dominant processes being trough 

filling and relief inversion in a controlled moraine setting (Boulton, 1972; Boulton and Paul, 

1976; Paul, 1984; Evans, 2009).  

When viewed in the context of a controlled moraine origin, the hummocks of the Paris moraine 

in the Guelph area are interpreted as the product of the englacial debris distribution. When the 

englacial debris was deposited supraglacially, it would have insulated the underlying ice, leading 

to differential melting of the ice. Ice that was insulated became the high topography and the un-

insulated ice melted and became the topographic lows.  These topographic lows began to fill up 

with waterlain deposits from meltwater or by mass flow deposits from the slopes of the debris-

covered, ice-cored, topographic highs. The sedimentary sequence produced by this relief 

inversion process is outlined by Paul (1984). The sedimentary sequence takes the form of a 
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bedrock-diamict-trough fill-diamict succession where the lower diamict (if present) is of a 

subglacial origin, the trough fills are either waterlain or mass flow or a continuum between the 

two, and the surface diamict (if present) originates from mass flows off the slopes of the debris 

covered, ice-cored, topographic highs as the ice cores melt (Boulton, 1972; Boulton and Paul, 

1976, Paul, 1984). The lithologies and the sedimentary sequences observed in the present 

investigation in the Guelph area is consistent with this sequence of events. 

 The landsystem observed in the Paris moraine south of Guelph as evident from the DEM (Figure 

2.1, 4.2.2) is that of Landsystem B described by Colgan et al. (2003). It consists of a high relief 

hummocky moraine zone and a drumlinized zone and is indicative of polythermal conditions 

during glacial recession in this region. Polythermal conditions are necessary for the 

concentration of supraglacial debris as it allows freeze-on of basal debris in areas of subglacial 

permafrost, which generates large volumes of englacial debris (Evans, 2009). Models of ice 

cored moraine development imply a cold-based marginal fringe to the ice sheet during deposition 

of the moraine (Attig et al., 1989; Ham and Attig, 1996; Clayton et al., 2001; Dyke and Evans, 

2003). 

Controlled moraines are produced incrementally during active ice retreat (Dyke and Evans, 

2003). Evidence of this activity in the Paris moraine is seen in the extensive meltwater reworking 

that took place necessitating a continuous supply of meltwater during formation of the Paris 

moraine. Meltwater reworking is also the cause of the removal of signs of the former englacial 

debris structure and why locally some hummocks appear as chaotic hummocks instead of well 

defined ridges parallel to the moraine axis. Thus, zones of warm-based features up-ice are 
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continuously draped over by cold-based ice features (moraine ridges and hummock/kettle 

topography) during ice recession (Figure 2.6).  

5.3.2 Stratigraphic Framework for the Development of the Paris Moraine 

The datasets collected during this study allows the development of a stratigraphic framework for 

the development of the Paris moraine (events a-k, Figure 5.1).  This starts with the erosion of the 

underlying bedrock  (oldest event-a) and finishes with the glaciofluvial and glaciolacustrine 

reworking of the ice contact slope of the Paris moraine following complete ice retreat from the 

area (youngest event-k).  

Based on this stratigraphic model (Figure 5.1), the oldest Quaternary sediment in the Guelph area 

are diamict directly above bedrock in GDC-2B (event b), the stratified sediments infilling the 

modern Eramosa/Speed River (event c) and the gravel sediments infilling the bedrock valley in 

GDC-1 (event d) (Figures 4.1.14, 5.1). The order chosen for event b, c, and d is arbitrary without 

radiometric control as they occupy the same stratigraphic position, relative to the other units.  

The next oldest are the sediments that infill the bedrock valley overlying the basal gravel (event 

e) and the sediments producing the drumlinized till plains north of the Paris moraine in the study 

area (event f; Figure 5.1). The sediments forming the drumlinized till plains are observed in TGI-

1A (Figure 4.1.7) and GDC-2B and are interpreted as subglacial traction tills. Deposits of similar 

age include a cap of sandier and more gravel-rich diamict interpreted as sediment-gravity flow or 

melt-out deposits found capping the drumlin at TGI-1A and are likely associated with glacial 

recession (Stokes et al., 2011). Based on the regional stratigraphy established by Karrow (1987), 

Barnett (1992), and updated by Karrow et al. (2000), these sediments are of Port Bruce Phase 

age or older. Thus, these diamicts would correspond to Port Stanley Till, or older tills. In 

particular in the succession of GDC-2B, which has multiple diamict units, a distinct basal till is  
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Figure 5.1: Conceptual Model of the Paris moraine in the Guelph area (green-diamict, yellow-sand, orange-gravel, blue-clay and silt, pink-

paleosol, purple-bedrock). Cored hole locations are representative. a) Paleozoic bedrock, likely eroded prior to and during glaciation, b) dense 

diamict paleosol observed in GDC-2B, c) meltwater/outwash deposits of the Eramosa/Speed River valley with overlying postglacial modern 

alluvial deposits, d) gravel deposits infilling the bedrock valley observed in GDC-1, e) dense clast-poor diamict infilling the bedrock valley, f) 

clast-rich diamict forming the drumlinized till plains observed in TGI-1A and GDC-2B and the cap of sandier and more gravel-rich diamict 

observed at the surface of TGI-1A, g) Mackinaw or pre-Mackinaw phase dense subglacial traction tills observed in VAN-1A, h) proglacial 

outwash sediments, i) ice-contact fan and non-ice-contact fan deposits of the frontslope element, j) Mackinaw phase mass flow and meltwater 

dominated deposits of relief inversion hillocks and depressions of the hummocky element, k) surficial fluvial and lacustrine sediments on the 

hillslope of the backslope element. Events h, I, and j are likely relatively contemporaneous.  Events b, c, and d are indistinguishable and there is 

some uncertainty with events e, f, and g because of lack of radiometric control. Not to scale.
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very similar to that observed by Burt (2011; borehole BH40-OF-2010) and interpreted to be a 

pre-Catfish Creek Till. 

The Paris moraine sediments are associated with the Mackinaw Phase (Barnett, 1992; Karrow et 

al., 2000) and stratigraphically, the Wentworth Till (Karrow, 1968; Karrow, 1987). The oldest 

sediments of the Mackinaw Phase are likely the subglacial traction tills (lodgement and/or melt-

out till) found above bedrock within the Paris moraine (observed above bedrock in VAN-1A, 

Figure 4.1.9) where they would have been deposited as early as the initial advance of the Erie-

Ontario lobe into the area south of Guelph (event g; Figure 5.1). However, considering the lack 

of radiometric constraints and the inability to delineate the relationship between these basal 

diamict units and the basal diamict units in the adjacent outwash plain, these deposits may also 

be from pre-Mackinaw Phase ice advances (equivalent to event e/f to the north of the Paris 

moraine).   There is no way of knowing for certain without additional data as subglacial traction 

tills and melt-out tills, although common in the base of sedimentary sequence of relief inversion 

hummocks, are not always necessary (Paul, 1984; Benn and Evans, 2010). Around the same 

time, braided plain outwash sediments would have begun to be deposited proglacially eroding 

into and eventually aggrading onto the Port Stanley Till and older deposits. Thus, the sediments 

within the outwash plain of the Paris moraine are characterized by not only buried and surficial 

pre-Paris moraine sediments but also lithofacies of proglacial fluvial sedimentation (event h; 

Figure 5.1). 

As the Erie-Ontario lobe reached its terminal position south of Guelph, the frontslope and 

hummocky element would have developed (event i/j; Figure 5.1) as outwash sediment continued 

to be deposited proglacially. Many models of ice-cored moraine construction from contemporary 
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examples in the literature include some form of deformation/glaciotectonics at the ice margin 

(Boulton, 1972; Hooke, 1973; Boulton and Paul, 1976). Thus, the frontslope element can be 

expected to contain deformed sediments at depth. However, the frontslope does demonstrate 

spatial variability in its geomorphic form and internal composition longitudinally along the 

moraine as evident from the cross-sections and elevation profiles. Two origins are proposed to 

explain the different sediment-landform associations observed in the frontslope cross-sections of 

the Paris moraine. 

 The first origin is that of the ice-contact fan. The frontslope created in this setting is 

characterized by ridges with a proximal rectilinear slope at approximately the angle of repose 

and a distal rectilinear slope composed of fan deposits. The height of these ridges is a function of 

snout stillstand and englacial debris concentration as observed in Kvíàrjökull, Iceland (Evans, 

2009). Fluctuations of the ice-margin during a relative stillstand are likely to generate a push 

component to these ridges (Johnson and Gillam, 1995; Boulton, 1972; Hooke, 1973; Boulton and 

Paul, 1976; Evans and Twigg, 2002). Deposits in high-quality boreholes and in cross-sections 

observed in this study, the characteristic steep slope observed at the Arkell Research Station, 

suggest Type B and Type C ice contact fans as described by Krzyszkowski and Zielinski (2002) 

formed locally in this portion of the frontslope element with a predominately wet ice-margin 

producing a mix of mass flow and waterlain deposits and possibly localized ice push deformation 

(Sadura et al. 2006). 

In other sections of the frontslope element, a non-ice-contact fan origin is most likely.  This 

setting is characterized by mass-flow diamicts and sediment sequences typical of the trough fill 

hummocks. Thus, these frontslopes are associated with the first hummock produced by the 
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controlled moraine supraglacial system. Similarly to the ice-contact fan frontslope, ice push 

structures are implied for these slopes (Evans, 2009); however, this was not directly observed in 

this study.   

After the formation of the frontslope element, active ice continued to meltout. This resulted in 

the production of further supraglacial controlled hummocks on top of previously deposited, 

potentially warm-based subglacial deposits (event j; Figure 5.1). These landforms are composed 

internally of the bedrock-diamict-trough-fill-diamict sequence. Trough fill sediments observed in 

cross-section and high-quality boreholes range from mass-flows to supraglacial fluvial and 

lacustrine deposits.  

An additional explanation for some of the more linear hillocks and ridge elements in the Paris 

moraine may be the result of ice push modification by a fluctuating ice-margin.  As well, relief 

inversion can also occur from crevasses or other depressions/hollows in the ice, making them 

kames by definition (Brozikowski and van Loon, 1991); however, the sedimentary sequences of 

these kames would be just as chaotic as the ice controlled trough infills (Brozikowski and van 

loon, 1991).  

Meltwater reworking of these landforms/sediments was extensive, creating the moraine gap 

elements that are predominately erosional features either post- or syn-depositionally to the Paris 

moraine sediments. Meltwater reworking is also evident in the stratified sediments found within 

the trough infill.  Meltwater did not necessarily act continuously to rework the moraine but may 

also have fluctuated, and multiple cycles of debris reworking are possible. In conjunction with 

these cycles, outwash in front of the Paris moraine likely continued to aggrade (event h).  
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In the Paris moraine, the last geomorphic element and sediments produced in the Mackinaw 

Phase by the Erie-Ontario lobe, was the backslope element and its modification as the ice 

retreated (event k, Figure 5.1). The slopes that form the backslope element of the Paris moraine 

are the flanks of the final hummock produced by relief inversion as the ice lobe retreated from 

the Guelph area.  Thus, these elements are characterized by bedrock-diamict-trough-fill-diamict 

sequence with surficial mass flow deposits constituting a large portion of the slopes. However, as 

observed in the cross-sections, there is evidence of small scale subaquaous deposition in a few 

locations suggestive of glaciofluvial and glaciolacustrine processes. Based on the controlled 

moraine models, meltwater ponding is likely to occur on a larger scale as well (Ewertowski et 

al., 2012) in this element as ice retreated. Ice-contact and ice push features, similar, to the ice-

contact fan frontslope and hummocks,  are reported in the literature for the backslope as well 

(Ham and Attig, 1996). This was not observed in the backslope, though this may purely be due to 

the lack of high quality borehole located in this element. 

 

5.4 Comparison to Existing Literature on the Paris Moraine 

The stratigraphic constraints and conceptual model presented above (Figure 5.1) can be 

compared to earlier regional geologic studies. Chapman and Putnam (1984) mapped moraines in 

the region as either kame or till moraines.  The Paris moraine at that time was mapped as 

predominantly a till moraine. Karrow (1968, 1987) mapped the surficial geology of the Paris 

moraine area south of Guelph at a larger scale than in the current investigation. Karrow (1987) 

reports that a definite belt of moraine is not observed immediately to the southwest of this study 

area. Bajc (2007) carried out stratigraphic regional mapping of the Paris moraine south of 

Cambridge and his descriptions are substantially different than the subsurface deposits of the 
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Paris moraine in the Guelph area. More specifically, in their borehole BH-13, located in the town 

of Scotland, Wentworth Till occurs as a thin (<3 m) capping unit overlying a much thicker 

package (~15 m) of well bedded sand and gravel. Based on the distinct differences in 

geomorphology, sediment characteristics, ice-sheet conditions, and depositional processes 

elsewhere along the Paris moraine, the controlled moraine environment proposed for the Guelph 

region likely does not apply along the entire length of the moraine. In this context, Bajc and 

Dodge (2011) suggested that the Paris moraine may have only been deposited subaerially north 

of Paris, Ontario. 

The controlled moraine model suggested for the Paris moraine in the Guelph area conflicts with 

the more traditional hummocky moraine model that has been proposed for various end moraines 

of the LIS (Sharpe, 1988; Ham and Attig, 1995; Eyles et al., 1999) and specifically for the 

Guelph area (Karrow, 1968, 1987) as the product of widespread glacier ice stagnation. In the 

model proposed in this investigation, active recession is favoured for the Paris moraine in the 

Guelph area for several reasons.  A recent review of the current literature by Evans (2009) 

suggests hummocky moraines are often formed by active ice. Multiple ice-marginal positions 

that would have formed in sequence during recession are inferred from the presence and extent 

of meltwater reworking and moraine gap elements, as well as the presence of the ridge elements 

in the Paris moraine.  These multiple ice marginal positions are most consistent with an active 

ice margin rather than a stagnating one.  Furthermore, there is a disparity between the amount of 

meltwater reworking in the frontslope (ice-contact fans) and backslope (minor channelized 

fluvial features) geomorphic elements. This is different from the model of stagnant ice controlled 

moraine formation from Ham and Attig (1995), where meltwater reworking is prevalent in both 

the front and back slopes. Straw (1968), also acknowledges that construction of end moraines in 
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the region was complex and proposed that the Galt moraine, particularly east of Aberfoyle, was 

constructed in two well-defined phases based on its geomorphology. While it is more common to 

observe active ice controlled moraine development in confined glaciers than in ice sheets, 

examples of the latter do exist (Evans, 2009). 

The most recent study of the Paris moraine in the Guelph area by Sadura et al. (2006) also 

provides evidence consistent with the controlled moraine model. Sadura et al. (2006) conducted 

GPR surveys of the frontslope, particularly the ice-contact fan of the Paris moraine at the Arkell 

Research Station. They observe GPR reflectors at depth in the hillcrest and suggest that these are 

indicative of a fold in the diamict and push ridge or an agglomeration of boulders as the source. 

This warrants further investigation as a large scale push structure would support the controlled 

moraine model (Evans, 2009) that incorporates ice-push processes as potentially contributing to 

moraine formation.  The presence and distribution of deformation within the moraine could also 

be explored through the use of additional high resolution sedimentological data, which in turn 

would provide a more thorough understanding of ice-sheet dynamics during the formation of the 

Paris moraine. 

Straw (1988) reports a moraine, older than the Paris moraine to exist from Rockwood, southwest, 

to Cambridge. It is located in front of the Paris moraine, and named the Guelph moraine. Straw 

(1988) suggests the Guelph readvance can be regarded as a small oscillation of Port Stanley ice 

that produced a readvance of a few kilometers to the Guelph moraine. This idea has not been 

widely tested in the region and was not the focus of the current investigation.  If this 

reconstruction is true, this would add complexity to the stratigraphy of the area. However, it 
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would offer a possible explanation for the undifferentiated high relief between Wellington Road 

35 and Wellington Road 32 as discussed above.  

The stratigraphy of the area has been studied and refined many times over the last 50 years. The 

key units in the Guelph area are, in order of oldest to youngest: Canning Till or other “pre-

Catfish Creek Tills”, Catfish Creek Till, Maryhill Till (formally the Middle Till), Port Stanley 

Till, and the Wentworth Till. Bajc (2011), who investigated the Paris moraine south of 

Cambridge, reports that the oldest tills in the area, Canning Till and other lower, coarse-textured 

tills are easily confused with the Nissouri Phase Catfish Creek Till; however, organic deposits 

are often found separating the Catfish Creek Till from older tills (Bajc, 2008). Karrow (1988) 

describes the Catfish Creek Till as silty, sandy, stony till reported as “hardpan” in the area and 

averages 38% sand, 16% clay, and a calcite to dolomite ratio (CDR) of 0.8. In general, Bajc 

(2011) also describes Catfish Creek till as an overconsolidated, stony, silty to sandy till. He 

suggests multiple origins for Catfish Creek Till, with an early and late lobate facies represented 

by fine and coarse facies. These facies have been interpreted as deposited when Catfish Creek ice 

was fronted regionally by a large proglacial water body, both during the initial advance of ice 

into the region and during its final retreat.  

Burt (2011) describes Catfish Creek Till from the Orangeville area to the northeast of the current 

study area as typically overconsolidated stony sandy silt till.  Although several of the basal 

diamict units encountered in cores recovered as part of this study were overconsolidated (in 

GDC-2B and TGI-1A), it is difficult to confirm these units as correlatives of the Catfish Creek 

without additional data (clast counts, carbonate geochemistry and most importantly robust 

radiometric constraints).  
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Port Stanley Till is likely the next oldest regional stratigraphic unit found in the Guelph area. Its 

properties are variable based on facies changes (Karrow, 1988) and in the Guelph area, is 

thought to be sandy, composed of roughly 40% sand and having a CDR of 0.7. Bajc (2011) 

found Port Stanley Till to generally exhibit a stone-poor, clayey silt texture with high plasticity 

that regionally coarsens to the north. Burt (2011) describes the Port Stanley Till as a stony silty 

sandy till in the Orangeville area. Stratigraphically, the uppermost diamict units encountered in 

the boreholes of the current study, NW of the Paris moraine, would likely correspond to the Port 

Stanley Till.  However, it is difficult to suggest any strong correlation without radiometric 

control considering the range of textures encountered in the region.   

The youngest regional stratigraphic unit found in the Guelph area is the Wentworth Till. There is 

little debate about the stratigraphy of the Wentworth Till as it is found at the surface of the Paris 

moraine. As such the diamicts found in both of the high resolution cores from the Paris moraine 

(hummocky element) are thought to be Wentworth Till with the possible exception of the 

subsurface traction till/older overridden diamict at the base of VAN-1A.  It is worth noting that 

Burt (2011) lists Wentworth Till from the Paris moraine sediments in the Orangeville area as an 

aquitard.  However, the coarse nature of these sediments in the Guelph area makes this a very 

leaky aquitard at best.  

Successful stratigraphic correlation of the high-quality boreholes from the current investigation 

with some of the existing regional investigations may be found in a borehole recently drilled by 

the Ontario Geological Survey (Burt, 2011). BH40-OF-2010 is a borehole drilled north of 

Guelph and the Paris moraine as part of the Orangeville moraine investigation. Three distinct 

tills and an organic-rich sequence were observed during drilling. The uppermost till is described 
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as a firm to hard stony sandy silt till and is interpreted as Port Stanley Till. In this unit, the clast 

content ranges from 15 to 25% and contains one interbed of fine-textured sand and silt. The 

lower meter of till contains internally deformed glaciolacustrine silt and clayey silt. Below the 

Port Stanley Till is an overconsolidated, stony to stony sandy silt till interpreted as Catfish Creek 

Till, the upper portion of which contains deformed glaciolacustrine silt and clayey silt. Below the 

Catfish Creek Till is an organic-rich sequence consisting of multiple organic-rich beds. Below 

the organic-rich sequence is an orange coloured, firm to hard, stony silty sand till with a 

weathering horizon likely formed as a result of exposure to subaerial conditions.  As such, this 

exposure is interpreted to be associated with the middle Wisconsin or Sangamon interglacial. 

The idea of a widespread organic layer or paleosol development suggests that the underlying till 

may be Illinoian in age and should be investigated further. Karrow et al. (1982) observed a 

paleosol north of the Eramosa River in the City of Guelph that is radiocarbon dated to > 45 000 

years suggesting that preservation of pre-Catfish Creek stratigraphy is possible in this area. The 

organic-rich layers observed by Karrow et al. (1982) and Burt (2011) are similar in stratigraphic 

position to the very thin organic lamina found in GDC-2B.  This suggests that the lowermost 

diamict unit in GDC-2B, which has a similar orange weathering profile as the basal till in the 

OGS borehole, may be Illinoian in age.  

 

5.5 Hydrogeologic Implications 

Burt (2011) lists Wentworth Till in the Orangeville area as a possible aquitard. However, based 

on the conceptual model of ice-cored controlled moraine presented in this investigation for the 

Paris moraine and the coarse grained nature of the diamict found within and at the surface of the 

moraine in the study area, this should be re-evaluated in the Guelph area.  Predicting 
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hydrogeologic characteristics of subsurface porous media requires an understanding of spatial 

trends and heterogeneities. The relief inversion, trough fill process that is largely responsible for 

the formation of the moraine creates a horizontally and vertically variable distribution of 

lithofacies rather than a moraine predominantly composed of till as implied in earlier models of 

the Paris moraine. The sediments infilling the troughs would be the product of many variables 

including the source sediment, climactic conditions, ice sheet dynamics and englacial debris 

distribution and meltwater availability. As the moraine was likely built by active ice retreat, these 

variables could change for each trough and over time, thus, resulting in complex and highly 

heterogeneous lithofacies.  

Using the Anderson (1989) approach where hydrogeological facies are inferred from lithological 

facies, as well as the hydraulic conductivity ranges of glacial deposits from Stephenson et al. 

(1988) and knowledge of the possible topographic influences such as depression focused 

recharge, an estimate of the hydrogeologic function of the Paris moraine as a whole, was 

developed as part of this investigation (Table 5.1).  It is important to note that the Anderson 

(1989) method assumes each lithofacies is a homogeneous, anisotropic hydrogeologic unit, 

which is not likely in these systems. Nonetheless, the approach provides a framework with which 

to explore the hydrogeologic significance of the various geomorphic elements. In this table the 

hydrogeological function (topography and hydraulic conductivity) is presented for different 

sedimentary sequences found in the four main geomorphic elements.  Considering the observed 

variability in both the internal composition and geomorphic form of the moraine, it is not 

surprising that its hydrogeological function is equally highly variable (Table 5.1), if not 

impossible to predict, but taking a geomorphic element approach does provide a useful 

framework. For example, given the controlled moraine model, the sedimentary sequence of each 
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hillock may be different and may or may not have an underlying basal/subglacial diamict unit 

that would likely make an excellent aquitard (Table 5.1).  Likewise the variable distribution  

Table 5.1: Hydrogeologic function of Paris Moraine  

Geomorphic 

Element 

Depositional 

Environment 

Depositional 

Processes
1 

Sedimentary Sequence and 

expected Hydraulic 

Conductivity (m/day)
2 

Topography 

Outwash Subglacial/Proglacial Subglacial Traction, 

Melt-out/Sediment-

gravity flow 

Basal Diamict: 10
-2

 to 10
-4

 

Supraglacial Diamict: 1.0 to 10
-4

  

Relatively 

Flat 

Subglacial Traction/ 

Melt-out, Proglacial 

fluvial/Braid-plain 

Basal Diamict: 10
-2

 to 10
-4

 

Alluvium: 10
2
 to 10

-2
 

Relatively 

Flat 

Proglacial 

Fluvial/Braid-plain 

Alluvium: 10
2
 to 10

-2
 Relatively 

Flat 

Frontslope Subglacial/Ice-

marginal/Controlled 

Moraine 

Subglacial Traction/ 

Melt-out, 

Supraglacial Fluvial, 

Sediment-gravity 

flow 

Basal Diamict: 10
-2

 to 10
-4

 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: 1.0 to 10
-4

 

Sloped 

End Moraine 

Fan/Fluvial/Sediment

-gravity flow 

Alluvium: 10
2
 to 10

-2
 Sloped 

Hummocky Subglacial/Controlled 

Moraine 

Subglacial Traction/ 

Melt-out, 

Supraglacial Fluvial, 

Sediment-gravity 

flow 

Basal Diamict: 10
-2

 to 10
-4

 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: 1.0 to 10
-4

 

Hillcrest 

Controlled Moraine Supraglacial Fluvial, 

Sediment-gravity 

flow 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: 1.0 to 10
-4

 

Hillcrest 

Controlled Moraine Sediment-gravity 

flows 

Supraglacial Diamict: 1.0 to 10
-4

 Hillcrest 

Subglacial/Controlled 

Moraine 

Subglacial Traction/ 

Melt-out, Sediment-

gravity flows 

Basal Diamict: 10
-2

 to 10
-4

 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: 1.0 to 10
-4

 

Depression 

Controlled Moraine Sediment-gravity 

flows 

Supraglacial Diamict: 1.0 to 10
-4

 Depression 

Subglacial/Controlled 

Moraine 

Subglacial Traction,  

Melt-out, 

Supraglacial Fluvial, 

Sediment-gravity 

flow 

Basal Diamict: 10
-2

 to 10
-4

 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: : 1.0 to 10
-4

 

Depression 

Backslope Subglacial/Ice-

marginal/Controlled 

Moraine 

Subglacial Traction,  

Melt-out, 

Supraglacial Fluvial, 

Sediment-gravity 

flow 

Basal Diamict: 10
-2

 to 10
-4

 

Trough Fill: 10
2
 to 10

-8
 

Supraglacial Diamict: : 1.0 to 10
-4

 

Sloped 

1
- Depositional Processes based on section 5.3 as summarized in Figure 5.1 

2
-Hydraulic Conductivity ranges of unweathered glacial sediment from Stephenson et al. (1988) 
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of the basal diamict underlying the outwash will provide variable protection of the underlying 

bedrock aquifer.  In the end, the distribution of aquifers and aquitards will likely be equally 

variable throughout the area.  
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6. Conclusions 

6.1 Summary 

Three goals were established for this study. They were: 1) to characterize the nature of 

subsurface sediments, 2) to develop sediment-landform relationships in order to identify trends 

in the spatial variability of those subsurface sediments, and 3) to develop a conceptual model for 

the formation of the Paris moraine. To accomplish these goals, high quality cored holes were 

drilled, geomorphic terrain mapping completed, and a subsurface database was developed to 

create cross-sections and establish sediment-landform associations. 

High Quality Boreholes 

To characterize the subsurface sediments associated with the Paris moraine in the Guelph area, 

five high quality boreholes were advanced into the Quaternary sediment. PQ coring often 

resulted in poor recovery of matrix material and the high frequency vibrations of roto-sonic 

drilling may have removed primary structures from the core and sometimes may have replaced 

or overprinted them with secondary deformation structures. Despite these technical challenges, 

nine broadly encompassing and reoccurring lithofacies were identified in these cored holes. 

These include: 

 Poorly sorted gravels (Gm, Gc) that gradually change in matrix content such that they 

vary between clast-supported and matrix-supported. 

 Sandy gravels (Gms, Gm) that are sometimes crudely bedded and that sometimes contain 

sand interbeds. 

 Clast-rich sandy and intermediate diamicts (Dms, Dmm) that are sometimes crudely 

bedded and sometimes contain sand and gravel interbeds. 
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 Over-consolidated muddy diamicts (Dmm) that are very dense and are clast poor. They 

sometimes contain sandy mud and sand interbeds as well as bullet-shaped, striated, 

and/or faceted clasts. 

 Well sorted sands (Sm, Sg) that are sometimes normally graded and can contain pebbles 

but are otherwise massive. 

 Moderately sorted muddy sands (Sm, Sg) that can be normally graded and are associated 

with a high content of fine sand and mud. 

 Stratified sands (Sh) that are characterized by faint horizontal planar laminations. 

 Faintly laminated sandy muds (Fl). 

 Massive silts and muds (Fm) that are characterized by silt- and clay-dominated fine 

sediments. 

These lithofacies are arranged stratigraphically in unique ways in each of the high resolution 

boreholes, with notably thick packages of diamict at GDC-2B , VPV-1A and TGI-1A and a 

notably thick package of sand at VAN-1A.  

Geomorphic Mapping 

To analyze the topography, the Paris moraine in the Guelph area was mapped according to a 

classification scheme consisting of seven geomorphic elements:  frontslope, hummocky, 

backslope, flats, moraine gaps, undifferentiated high relief, and undifferentiated low relief.  The 

undifferentiated high relief and undifferentiated low relief are elements that do not have obvious 

geomorphic origins but that are found closely associated (in form and spatially) with the Paris 

moraine.  
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Elevation profiles across the geomorphic elements change transversely through the Paris moraine 

in the Guelph area. The general transverse trend across the moraine consists of a front slope 

element, followed by a hummocky and then a backslope element. Within the hummocky 

elements, it is common to find flat-lying areas (flat elements). Moraine gap elements are also 

found to cut through the hummocky and front slope elements. 

Longitudinally, ridges are found throughout the Paris moraine in the Guelph area; however, their 

distribution is concentrated between the northwest and middle sectors where they generally form 

the steep front slope and hillcrest of the moraine. Within the frontslope element, there are two 

different morphologies. The first contain abrupt, relatively steep sloped ridge-hillcrest features 

whose deposits have in part been analyzed by Sadura et al. (2006).  The second contain gently 

rolling slopes leading up to the high topographic relief of the moraine. 

Cross-sections 

Cross-sections were created from a Rockworks database consisting of boreholes from the MOE 

water well database as well as boreholes from a multitude of other subsurface investigations in 

the Guelph area. Descriptors from these boreholes were standardized based on a set of region-

specific conditional rules.  

Sediment-landforms associations are identified from the synthesis of the high-quality borehole, 

G.P.S. survey and associated geomorphic element mapping, and cross-section data. The outwash 

of the Paris moraine consists of pre-Paris moraine drumlinized diamicts sometimes overlain by 

proglacial braided plain outwash sediments. The frontslope element is composed of two possible 

variants a) that of a ridge and fan or b) the first hillock of the adjacent hummocky element. 

Option “a” consists of bedrock overlain by waterlain and mass-flow deposits and option “b” 
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consists of subglacial traction tills, melt-out tills, and/or pre-Paris moraine diamicts overlain by 

the waterlain/mass flow deposit sequence typical of relief inversion in the supraglacial 

environment. Similarly, the remainder of the hummocky element is expected to consist of a basal 

till or pre-Paris diamicts overlain by the trough fill-diamict deposit sequence typical of relief 

inversion in the supraglacial environment. The backslope element consists of the flank of the 

final hillock of the hummocky elements and again, has the same sedimentary sequence 

characteristic of relief inversion in the supraglacial environment with the exception of fluvial or 

lacustrine deposits at the surface of the flanks in a few locations.  

Geological Framework 

Based largely on these sediment-landform associations and comparison with existing literature 

on moraines, an ice-cored controlled moraine system was proposed to explain the origin of the 

Paris moraine and to reconstruct the sequence of events that led to the deposition of materials 

adjacent to and within the Paris moraine. The relief inversion, trough fill process that is largely 

responsible for the moraine creates a horizontally and vertically variable distribution of 

lithofacies. As well, the extent of post-depositional modification of the controlled moraine by 

meltwater is a concern for predicting lithologic properties. Additionally, the spatial distribution 

of pre-Paris diamict or Paris subglacial diamicts at the Quaternary sediment -bedrock interface, is 

also variable.   

Stratigraphically, the findings presented here can be related to the existing regional stratigraphic 

framework. Locally, the stratigraphy of the areas of undifferentiated high and low relief are still 

problematic and remain largely unresolved.  Regionally, because controlled moraine formation 

generally requires active ice-retreat and poly-thermal ice conditions, the Ontario-Erie lobe that 
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deposited the Paris moraine can be thought to have those same requisite properties, if not 

regionally, at least locally.   

Hydrogeology 

Hydrogeologically, two significant findings come from the sedimentological and 

geomorphologic investigation of the Paris moraine and the development of the conceptual model 

of the area. The first, is the discontinuous nature of a possible aquitard basal diamict (event f/g, 

Figure 5.1) in the hummocky, frontslope, and outwash elements.  The second, is the horizontally 

and vertically variable distribution of lithofacies in the hummocky element (event j, Figure 5.1). 

Thus, these findings imply that the prediction of hydrogeological properties such as hydraulic 

conductivity will be very difficult, if not impossible, without more site-specific analysis. 

 

6.2 Future Work  

One important step in this research is the identification of aspects of the Paris moraine and 

Guelph area that require additional research. In this context many suggestions can be made based 

on the limitations of the methods used and possible supplementary data that can be collected. 

Improve Regional Till Stratigraphy and Depositional Environments 

More detailed analysis of clasts could be performed to enhance correlation of till units found in 

this study with those identified in previous regional stratigraphic mapping. To better resolve the 

stratigraphy of the study area, the samples collected as part of this investigation should be 

analyzed for gravel lithology as well as their matrix geochemistry, specifically the Chittick 

method for calcite/dolomite ratios, as well as possible analysis of heavy minerals from the sand 

fraction (Burt, 2011).  



215 

 

Similarly, to better resolve the depositional environment of some of the diamict units, the 

samples collected as part of this investigation could be analyzed for C40 (percentage of clasts 

with c/a axial ratios less than or equal to 0.4) and RA (percentage of very angular to angular 

clasts) indices (Benn and Ballantyne, 1994) as these may provide data to strengthen 

interpretations. Till micromorphology and analysis of microstructures (Van der Meer and 

Menzies, 2011) would also provide data to strengthen interpretations of the diamict. These 

analyses may be possible in undisturbed PQ cored samples and may also help distinguish 

between primary and mechanical deformation in rotosonic cored samples.  Additionally, 

resolving bounding surfaces and sedimentary structure was difficult in drilling through cobble 

and boulder rich sediments. These properties would be very useful in further sedimentological 

investigations and paleoenvironmental reconstructions.  

Refine Subsurface Deposit Geometries 

As no outcrops exist in the Paris moraine, it is difficult to distinguish unit boundaries and unit 

geometries. Geophysical methods should be considered to solve these problems. GPR has been 

attempted in the frontslope and outwash elements by Sadura et al. (2006) with success. These 

same methods and equipment would not provide useful results in the hummocky element 

because of the increase Quaternary sediment  thickness, and the difficulty associated with 

penetration through silt and clay sediments. However, new, higher resolution GPR equipment is 

constantly being developed and may provide useful results in terms of the larger scale geometry 

and lateral continuity of key subsurface units. Seismic surveys are another possibility and have 

been used with success in other moraine environments (Boyce et al., 1995).  These could be used 

to better delineate the bedrock surface as well as the geometry and lateral continuity of 

subsurface units. 
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 One particular bounding surface observed in GDC-2B at 14.91 m b.g.s.at could be analyzed for 

loss on ignition in order to determine if its composition is in fact organic. If the layer is organic, 

then a subsample should be sent for pollen analysis or possibly AMS (Accelerator Mass 

Spectrometry) 
14

C dating to provide dates and improve regional stratigraphic correlation. 

Develope a Subsurface 3D Model 

The Rockworks and ArcGIS datasets created for this investigation can also be manipulated to 

produce additional data. The Rockworks lithology model should be divided based on the 

geomorphic mapping as each of the geomorphic elements likely represent different depositional 

settings and thus different depositional processes that would create dissimilar vertical and 

horizontal variability of sediment lithologies and geometries. These would not be captured by a 

traditional layer-cake stratigraphic 3D-model. This would also allow for volumetric statistics to 

be calculated for each lithology within each geomorphic element-a useful parameter in 

hydrogeological investigations.  This would give a better representation of the subsurface 

compared to the percentage by depth calculations from the 23 cross-sections given in section 4.3.  

Origin of Undifferentiated Elements 

Additional investigations could also be completed in the Guelph area to determine the origin of 

the undifferentiated relief areas north and south of the Paris moraine. High relief landforms south 

of the moraine in the northeast of the study area are mapped as kames by Karrow (1968) and 

were mapped as undifferentiated high and associated low relief elements in this investigation. In 

form, they are very similar to the hummocky core of the moraine but they are also clearly 

separated from it by the backslope element. Based on the large moraine gap element that cuts 

through the moraine in that area it can be postulated that meltwater conditions were different in 

that location either causing modification of the Paris moraine sediments post/syndepositionally 
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(Evans, 2009) or deposition of true kame material as inferred by Karrow (1968). Further research 

is necessary to fully explain the origin of these geomorphic elements. 

Meltwater conditions were also likely different in the southwest part of the study area where 

similar undifferentiated high and low relief elements are present.  This is evident from a large 

kettle lake, Puslinch Lake (Figure 4.2.9), which suggests the presence of very large blocks of 

dead ice. As well, the undifferentiated elements in the southwest part of the moraine may be 

associated with “Guelph moraine” deposits as interpreted by Straw (1988) between Wellington 

Road 35 and Wellington Road 32. Thus, these undifferentiated high relief elements can be 

interpreted as having two possible origins; a) meltwater reworking of Paris moraine sediments, 

or b) meltwater reworking by Paris moraine meltwater of Guelph moraine deposits. Regardless, 

as with the NE undifferentiated high and low relief elements, more data is needed to better 

characterize the complex geomorphic form and internal composition of these elements and to 

resolve their origin. 

 The hypothesis of Straw (1988) of a pre-Paris “Guelph moraine” can likely be tested at the same 

time as an investigation into the southwest undifferentiated elements as they are located adjacent 

to each other. Dating these sediments using luminescence may be another way to test the 

presence of two moraines. Luminescence or another dating technique for sediments within the 

Paris moraine should be investigated to test incremental formation of the moraine by active ice 

retreat.  

Investigate Bedrock Control 

Lastly, another possible investigation lies in exploring whether or not moraine location and 

internal composition is controlled by the nature of the underlying bedrock. Two hypotheses for 
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bedrock control on moraine location are found in the literature and are based on bedrock 

topography (Colgan, 2003) and bedrock permeability (Kryskowski and Zielinski, 2002). This 

would require combining mapping of the bedrock surface elevation, bedrock and overburden 

lithology, and hydrogeology with the geomorphic mapping completed in this investigation and 

comparing them, possibly with GIS software. 

  



219 

 

References 
 

Aitken, J.F. (1998) Sedimentology of Late Devensian glaciofluvial outwash in the Don Valley, 

Grampian Region. Scottish Journal of Geology, 34, 97-117. 

Anderson, M.P. (1989) Hydrogeologic facies models to delineate large-scale spatial trends in 

glacial and glaciofluvial sediments. Geological  Society of America Bulletin, 101, 501–511. 

Andrzejewski, L. (2002) The impact of surges on the ice-marginal landsystem of 

Tungnaárjökull, Iceland, Sedimentary Geology, 149, 59–72. 

Allen, T. (1981) Particle size measurement, 3rd edn. Chapman and Hall, London, 678 pp. 

Bajc, A.F. (2006) Project Unit 06-024. Three-Dimensional Mapping of Quaternary Deposits in 

the Brantford-Woodstock Area, Southwestern Ontario. OGS Open File Report 6192. 

Bajc, A.F. (2007) Project Unit 06-024. Three-Dimensional Mapping of Quaternary Deposits in 

the Brantford-Woodstock Area, Southwestern Ontario: A Progress Report. OGS Open File 

Report 6213. 

Bajc, A.F. (2008) An Update on Three-Dimensional Mapping of Aquifers in the Brantford-

Woodstock Area, Southwestern Ontario. In: Summary of Field Work and Other Activities 2008. 

Ontario Geological Survey, Queens Printer for Ontario, 29-1 - 29-7. 

Bajc A. F., Shirota, J. (2007) Three-dimensional mapping of surficial deposits in the Regional 

Municipality of Waterloo, southwestern Ontario. Ontario Geological Survey, Groundwater 

Resources Study 3, 42 pp. 

Bajc, A.F.,  Dodge, J.E.P. (2011) Three-dimensional mapping of surficial deposits in the 

Brantford–Woodstock area, southwestern Ontario; Ontario Geological Survey, Groundwater 

Resources Study 10, 86 pp. 

Barnett, P. (1978) Quaternary Geology of the Simcoe Area. Ontario Division of Mines, 

Geoscience Report 162, 74pp. 

Barnett, P. (1982) Quaternary Geology of the Tillsonburg Area, Southern Ontario. Ontario 

Geological Survey Report 220, 87 pp. 

Barnett, P. (1992) Quaternary Geology of Ontario. In Geology of Ontario. Thurston, P.C., 

Williams, H.R., Sutcliffe, R.H., Scott, G.M. Queens Printer for Ontario, 1011-1088. 

Barnett, P. (1995) Glacial retreat and lake levels, North Central Lake Erie Basin, Ontario. In: 

Karrow, P.F., Kalkin, P.E. (Eds.), Quaternary Evolution of the Great Lakes, Geological 

Association of Canada Special Paper, vol. 30, 185– 194. 



220 

 

Barnett, P. (1998) Quaternary Geology of the Long Point- Port Burwell Area. Ontario Geological 

Survey, Report 298. 

Barnett, P.J., Sharpe, D.R., Russell, H.A.J., Brennand, T.A., Kenny, F.M., Pugin, A. (1998) On 

the origin of the Oak Ridges Moraine. Canadian Journal of Earth Science, 35, 1152–1167. 

Benn, D.I. (1992) The genesis and significance of ’hummocky moraine’: evidence from the Isle 

of Skye, Scotland. Quaternary Science Reviews, 11, 781–799. 

Benn, D.I., Evans, D.J.A. (1996) The interpretation and classification of subglacially-deformed 

materials. Quaternary Science Reviews, 15, 23-52. 

Benn, D.I., Evans, D.J.A. (2010) Glaciers and Glaciation Second Edition. Hodder Education, 

London, 802 pp. 

Bennett, M. R. (2001) The morphology, structural evolution and significance of push moraines. 

Earth Science Reviews, 53, 197-236. 

Bennett, M.R., Huddart, D., Thomas, G.S.P. (2002) Facies architecture within a regional 

glaciolacustrine basin: Copper River, Alaska. Quaternary Science Reviews, 21, 2237-2279. 

Blackport (2009) Review of the State of Knowledge for the Waterloo and Paris/Galt Moraines. 

Report prepared for the Ontario Ministry of the Environment. 92 pp. 

Blažauskas, N., Jurgaitis, A., Šinkūnas, P. (2007) Patterns of Late Pleistocene proglacial fluvial 

sedimentation in the SE Lithuanian Plain. Sedimentary Geology, 193, 193-201. 

Boggs, S. (2006) Principles of Sedimentology and Stratigraphy 4th ed. Pearson Prentice Hall, 

New Jersey, 662 pp. 

Boulton, G.S. (1970) On the origin and transport of englacial debris in Svalbard glaciers. Journal 

of Glaciology, 9, 213–229. 

Boulton, G.S. (1972) Modern Arctic glaciers as depositional models for former ice sheets, 

Journal of the Geological Society, 128, 361–393. 

Boulton, G.S. (1986) Push-moraines and glacier contact fans in marine and terrestrial 

environments. Sedimentology, 33, 677. 

Boulton, G.S. (1996) Theory of glacial erosion, transport and deposition as a consequence of 

subglacial sediment deformation. Journal of Glaciology, 140, 43-62. 

Boulton, G.S., Paul, M.A. (1976) The Influence of Genetic Processes on some Geotechnical 

Properties of Glacial Tills. Quarterly Journal of Engineering Geology, 9, 159-194. 

Boulton, G.S., Clark, C.D. (1990) A highly mobile Laurentide ice sheet revealed by satellite 

images of glacial lineations. Nature, 346, 813–817. 



221 

 

Boyce, J.I., Eyles, N. (1991) Drumlins carved by deforming till streams below the Laurentide ice 

sheet. Geology, 19, 787–790. 

Boyce, J.I., Eyles, N. (2000) Architectural element analysis applied to glacial deposits: Internal 

geometry of a late Pleistocene till sheet, Ontario. Geological Society of America Bulletin, 112, 

98–118. 

Boyce, J.l., Eyles, N., Pugin, A. (1995) Seismic reflection, borehole and outcrop geometry of 

Late Wisconsin tills at a proposed landfill near Toronto, Ontario. Canadian Journal of Earth 

Sciences, 32, 1331-1349. 

Brennand, T.A. (1994) Macroforms, large bedforms and rhythmic sedimentary sequences in 

subglacial eskers, south-central Ontario: implications for esker genesis and meltwater regime. 

Sedimentary Geology, 91, 9-55. 

Brodzikowski, K., van Loon, A.J. (1987) A systematic classification of glacial and periglacial 

environments, facies and deposits. Earth-Science Reviews, 24, 297-381. 

Brodzikowski, K., van Loon, A.J. (1991). Glacigenic Sediments. Developments in 

Sedimentology, vol. 19, Elsevier, Amsterdam. 674 pp. 

Brunton, F.R. (2008) Preliminary revisions to the Early Silurian stratigraphy of Niagara 

Escarpment: integration of sequence stratigraphy, sedimentology and hydrogeology to delineate 

hydrogeologic units; in Summary of Field Work and Other Activities, 2008, Ontario Geological 

Survey, Open File Report 6226, 31-1 - 31-18. 

Brunton, F.R. (2009) Update of revisions to the Early Silurian stratigraphy of the Niagara 

Escarpment: integration of sequence stratigraphy, sedimentology and hydrogeology to delineate 

hydrogeologic units; in Summary of Field Work and Other Activities 2009, Ontario Geological 

Survey, Open File Report 6240, 25-1 - 25-20. 

Brunton, F.R. and Brintnell, C. (2011) Final update of Early Silurian stratigraphy of the Niagara 

Escarpment and correlation with subsurface units across southwestern Ontario and the Great 

Lakes basin; in Summary of Field Work and Other Activities 2011, Ontario Geological Survey, 

Open File Report 6270, 30-1 - 30-11. 

Brunton, F.R., Brintnell, C., Priebe, E.H. and Bingham, M. (2010) Update of Early Silurian 

sequence stratigraphy, Sedimentology and bedrock aquifer mapping of Niagara Escarpment 

cuesta; in Summary of Field Work and Other Activities 2010, Ontario Geological Survey, Open 

File Report 6260, 33-1 - 33-7. 

Burt, A.K. (2011) The Orangeville moraine project: preliminary results of drilling and section 

work; in Summary of Field Work and Other Activities 2011, Ontario Geological Survey, Open 

File Report 6270, 28-1 - 28-34. 

Chapman, L.J., Putnam, D.F. (1984) The physiography of southern Ontario 3rd edn. Ontario 

Geological Survey, Special Volume 2, 270p. 



222 

 

Clayton, L., Teller, J. T. & Attig, J. W. (1985) Surging of the southwestern part of the Laurentide 

Ice Sheet. Boreas 14, 235-241. 

Clayton, L., Attig, J.W., Mickelson, D.M. (2001) Effects of Late Pleistocene permafrost on the 

landscape of Wisconsin, USA. Boreas 30, 173–188. 

Cole, J., Coniglio, M., Gautrey, S. (2009) The role of buried bedrock valleys on the development 

of karstic aquifers in flat-lying carbonate bedrock: insights from Guelph, Ontario, Canada. 

Hydrogeology Journal, 17:6, 1411-1425. 

Colgan, P.M., Mickelson, D.M., Cutler, P.M. (2003) Ice-marginal terrestrial landsystems: 

southern Laurentide Ice Sheet margin. In: Evans, D.J.A. (Ed.), Glacial Landsystems. Arnold, 

London, 111–142. 

Cowan, W.R. (1972) Pleistocene Geology of the Brantford Area, Southern Ontario; Ontario 

Dept. of Mines and Northern Affairs, Industrial Mineral Report 37. 66 pp. 

Cowan, W.R. (1976) Quaternary Geology of the Orangeville Area, Southern Ontario. Ontario 

Division of Mines, Ministry of Natural Resources, Geoscience Report 141. 

Day, P.R. (1965) Particle Fractionation and Particle-Size Analysis; in Black, C.A. ed. Methods 

of Soil Analysis Part 1: Physical and Mineralogical Properties, Including Statistics of 

Measurement and Sampling. American Society of Agronomy, Wisconsin, 545-567. 

Dehn, M., Gärtner, H., Dikau,  R.(2001) Principles of semantic modeling of landform structures. 

Computers and Geosciences, 27, 1005–1010. 

Dyke, A. S., Prest, V. K. (1987) Late Wisconsinan and Holocene history of the Laurentide ice 

sheet: Géographie Physique et Quaternaire,  41, 237–263. 

Dyke, A.S., Savelle, J.M. (2000) Major end moraines of Younger Dryas age on Wollaston 

Peninsula, Victoria Island, Canadian arctic: implications for palaeoclimate and for formation of 

hummocky moraine. Canadian Journal of Earth Sciences, 37, 601–619. 

Dyke, A.S., Evans, D.J.A. (2003) Ice-marginal terrestrial landsystems: northern Laurentide and 

Innuitian ice sheet margins. In: Evans, D.J.A. (Ed.), Glacial Landsystems. Arnold, London, 143–

165. 

Evans, D.J.A. (2009) Controlled moraines: origins, characteristics and palaeoglaciological 

implications. Quaternary Science Reviews, 28, 183–208. 

Evans, D.J.A., Twigg, D.R. (2002) The active temperate glacial landsystem: a model based on  

Breiðamerkurjökull and Fjallsjökull, Iceland. Quaternary Science Reviews, 21, 2143–2177. 

Ewertowski M., Kasprzak L., Szuman I., Tomczyk A.M. (2012) Controlled, ice-cored moraines: 

sediments and geomorphology. An example from Ragnarbreen, Svalbard. Zeitschrift für 

Geomorphologie, 51, 53-74. 



223 

 

Eyles, N., Eyles, C.H., Miall, A.D. (1983) Lithofacies types and vertical profile models; an 

alternative approach to the description and environmental interpretation of glacial diamict and 

diamictite sequences. Sedimentology, 30, 393-410. 

Eyles, N., Boyce, J. I. & Barendregt, R. W. (1999) Hummocky moraine: sedimentary record of 

stagnant Laurentide Ice Sheet lobes resting on soft beds. Sedimentary Geology, 123, 163–174. 

Eyles, N., Eyles, C., Menzies, J., Boyce, J. (2011) End moraine construction by incremental till 

deposition below the Laurentide Ice Sheet: Southern Ontario, Canada. Boreas, 40, 92–104. 

Folk, R.L. (1980) Petrology of Sedimentary Rocks 2
nd

 Ed. Hemphill Publishing, Austin. 184pp. 

Gale, S., Hoare, P. (1991) Quaternary sediments: petrographic methods for the study of 

unlithified rocks. Belhaven Press, London. 323pp. 

Gartner Lee Ltd. (2004) Guelph/Eramosa Township Regional Groundwater Characterization and 

Wellhead Protection Study, unpublished report. 

Gee, G.W., Or, D. (2002) Particle-Size Analysis; in Dane, J.H., Topp, G.C., eds. Methods of Soil 

Analysis Part 4: Physical Methods. Soil Science Society of America, Wisconsin, 255-293.  

Gilmore, A. M. (2010) High resolution investigation in a heterogeneous aquifer and evaluation 

of the membrane interface probe to assess back diffusion potential, Master’s Thesis, University 

of Guelph-School of Engineering, Guelph, ON. 

Hart, J.K. (1997) The relationship between drumlins and other forms of subglacial glaciotectonic 

deformation. Quaternary Science Review 16, 93–107. 

Ham, N.R., Attig, J.W. (1996) Ice wastage and landscape evolution along the southern margin of 

the Laurentide Ice Sheet, north-central Wisconsin. Boreas, 25, 171–186. 

Hambrey, M.J. (1994) Glacial Environments. London, UCL Press. 296 pp. 

Hambrey, M.J., Huddart, D., Bennett, M.R., Glasser, N.F., (1997) Genesis of ‘hummocky 

moraine’ by thrusting in glacier ice: evidence from Svalbard and Britain. Journal of the 

Geological Society of London, 154, 623–632. 

Harris, S.A. (1967) Origin of part of the Guelph drumlin field and the Galt and Paris moraines, 

Ontario: A reinterpretation. Canadian Geographer, 11, 16–34.  

Hooke, R.L. (1973) Flow near the margin of the Barnes Ice Cap, and the development of ice-

cored moraines. Geological Society of America Bulletin, 84, 3929–3948. 

Howard, K., Eyles, N., Smart, P. J. Boyce, J.I., Gerber, R.E., Salvatori, S.L., Doughty, M. (1997)  

The Oak Ridges Moraine of Southern Ontario: a groundwater resource at risk.  In Eyles, N. (ed), 



224 

 

Environmental Geology of Urban Areas.  Geological Association of Canada, St. John’s, 

Newfoundland, Canada. 

Hubbard, B., Glasser, N. (2005) Field techniques in glaciology and glacier geomorphology. 

Sussex, John Wiley and Sons. 400p. 

Johnson, M.D., Clayton, L. (2003) Supraglacial landsystems in lowland terrain. In: Evans, D.J.A. 

(Ed.), Glacial Landsystems. Arnold, London, 228–258. 

Johnson, M., Gillam, M., (1995) Composition and construction of late Pleistocene end moraines, 

Durango, Colorado. Geological Society of America Bulletin, 107, 1241-1253. 

Johnson, M.D., Mickelson, D.M., Clayton, L., Attig, J.W. (1995) Composition and genesis of 

glacial hummocks, western Wisconsin, USA. Boreas, 24, 97–116. 

Karrow, P.F. (1968) Pleistocene Geology of the Guelph Area Southern Ontario. Ontario 

Department of Mines. 38 pp. 

Karrow, P.F. (1979) Bedrock topography of the Guelph area, Ontario. Map P2224, Ontario 

Geological Survey. 

Karrow, P.F. (1987) Quaternary Geology of the Hamilton-Cambridge Area, Southern Ontario. 

Ontario Geological Survey Report 255. 

Karrow, P.F. (1993) Quaternary Geology of the Stratford – Conestogo Area, Southern Ontario, 

Ontario Geological Survey Report 283. 

Karrow, P.F., Dreimanis, A., Barnett, P. (2000) A Proposed Diachronic Revision of Late 

Quaternary Time-Stratigraphic Classification in the Eastern and Northern Great Lakes Area. 

Quaternary Research, 54, 1–12. 

Karrow, P. F., Hebda, R. J., Presante,. W., Ross, G. J. (1982) Late Quaternary inter-till paleosol 

and biota at Guelph, Ontario. Canadian Journal of Earth Sciences, 19, 1857- 1872. 

Kroetsch, D., Wang, C. (2007) Particle Size Distribution; in Carter, M.R., Gregorich, E.G., eds. 

Soil sampling and methods of analysis, 2nd edn. Canadian Society of Soil Science, 713-725.  

Krzyszkowski, D., Zielinski, T. (2002) The Pleistocene end moraine fans: controls on their 

sedimentation and location. Sedimentary Geology, 149, 73– 92. 

Larsen, N.K., Piotrowski, J.A., 2003. Fabric pattern in a basal till succession and its significance 

for reconstructing subglacial processes. Journal of Sedimentary Research 73, 725–734. 

Lawson, D.E., 1979. Sedimentological analysis of the western terminus region of the Matanuska 

Glacier, Alaska. CRREL Report 79-9, Hanover, NH. 



225 

 

Lawson, D.E. (1982) Mobilization, Movement and Deposition of Active Subaerial Sediment-

gravity flows, Matanuska Glacier, Alaska. The Journal of Geology, 90, 279-300. 

Lewis, D.W., McConchie, D. (1994) Analytical Sedimentology. Chapman and Hall, New York. 

197pp. 

Lukas, S. (2005) A test of the englacial thrusting hypothesis of ‘hummocky’ moraine formation: 

case studies from the northwest Highlands, Scotland. Boreas, 34, 287–307. 

Maizels, J. (1997) Jökulhlaup deposits in proglacial areas. Quaternary Science Reviews, 16, 793-

819. 

Marren, P.M. (2002) Fluvial-lacustrine interaction on Skeiðararsandur, Iceland: implications for 

sandur evolution. Sedimentary Geology, 149, 43-58. 

Matthews, J.A., McCarroll, D., Shakesby, R.A. (1995) Contemporary terminal-moraine ridge 

formation at a temperate glacier: Styggedalsbreen, Jotunheimen, southern Norway. Boreas, 24, 

129-139. 

McCarroll, D., Rijsdijk, K.F. (2003) Deformation styles as a key for interpreting glacial 

depositional environments. Journal of Quaternary Science, 18, 473-489. 

Menzies, J. (1990). Sand intraclasts within a diamicton melange, southern Niagara Peninsula, 

Ontario, Canada. Journal of Quaternary Science, 5, 189-206. 

Menzies, J., Brand, U. (2007) The internal sediment architecture of a drumlin, Port Byron, New 

York State, USA. Quaternary Science Reviews, 26, 322–335. 

Miall, A.D. (1978) Lithofacies types and vertical profile models in braided rivers: A summary, in 

Miall, A. D., ed., Fluvial sedimentology: Canadian Society of Petroleum Geologists Memoir 5, 

597–604. 

Miall, A.D. (1985) Architectural-element analysis: A new method of facies analysis applied to 

fluvial deposits. Earth-Science Reviews, 22, 261-308.  

Miall, A.D. (2000) Principles of Sedimentary Basin Analysis 3
rd

 Ed. New York, Springer. 616 

pp. 

Mickelson, D. M., Clayton, L., Fullerton, D. S. & Borns, H. W. (1983) The late Wisconsin 

glacial record of the Laurentide Ice Sheet in the United States. In Porter, S. C. (ed.): Late-

Quaternary Environments of the United States, Vol. I, The Late Pleistocene, 3-37. University of 

Minnesota Press, Minneapolis. 

Midgley, N. G., Glasser, N. F. and Hambrey, M. J. (2009) Sedimentology, Structural 

Characteristics and Morphology of a Neoglacial High-Arctic Moraine-Mound Complex: Midre 

Lovénbreen, Svalbard, in Glacial Sedimentary Processes and Products (eds M. J. Hambrey, P. 

Christoffersen, N. F. Glasser and B. Hubbard), Blackwell Publishing Ltd., Oxford, UK. 



226 

 

Ministry of Infrastructure (2012) Growth Plan for the Greater Golden Horseshoe 2006 Office 

Consolidation, January 2012. Queen’s Printer for Ontario. 70 pp. 

Mokhtari Fard, A., Gruszka, B. (2007) Subglacial conditions in a branching Saalian esker in 

north-central Poland. Sedimentary Geology, 193, 33-46. 

Moncrieff, A.M. (1989) Classification of poorly sorted sedimentary rocks. Sedimentary 

Geology, 65, 191-194. 

Nenonen, J. (1994) The Kaituri drumlin stratigraphy in the Kangasniemi area, Finland. 

Sedimentary Geology 91, 365–372. 

O’Cofaigh, C. (1996) Tunnel valley genesis. Progress in Physical Geography, 20, 1-19.  

Ontario Geological Survey. (1985) Aggregate Resources Inventory of the City of Guelph and 

Guelph Township, Wellington County. Aggregate Resources Inventory Paper 88, Ontario 

Geological Survey. 30 pp. 

Paterson, J.T., Cheel, R.J. (1997) The depositional history of the bloomington complex, an ice-

contact deposit in the Oak Ridges Moraine, Southern Ontario, Canada. Quaternary Science 

Reviews, 16, 705-719. 

Paul, M.A.  (1984) The Supraglacial Landsystem. In Eyles, N. ed. Glacial Geology An 

Introduction for Engineers and Earth Scientists. Oxford, Pergamon Press. 409 pp. 

Physiography of Southern Ontario (2007) [Map]. Ontario Geologic Survey (OGS). Ontario 

Geological Survey. Miscellaneous Release-Data 228 [computer files]. Using: ArcMap 9.3 [GIS 

software]. Queen’s Printer for Ontario, 2007. 

Provincial Digital Elevation Model (2007) [Map]. Ontario Ministry of Natural Resources 

(MNR). Tiled Dataset, version 2.0 [computer files]. Using: ArcMap 9.3 [GIS software]. Queen’s 

Printer for Ontario, 2007. 

Reading, H. G. (1996) Sedimentary Environments: Processes, Facies, and Stratigraphy. Oxford, 

Blackwell Science, 688 pp. 

Ross, M., Parent, M., Lefebvre, R. (2005) 3D geologic framework models for regional 

hydrogeology and land-use management: a case study from a Quaternary basin of southwestern 

Quebec, Canada. Hydrogeology Journal, 13, 690-707. 

Russell, H., Cummings, D., Sharpe, D. (2009) Sedimentology of the Paris and Galt Moraines and 

Hydrogeological Implications. Fieldtrip for the 2009 Joint Assembly. Geological Association of 

Canada. 40 pp. 

Russell, H.A.J., Brennand, T.A., Logan, C., and Sharpe, D.R. (1998) Standardization and 

assessment of geological descriptions from water well records: Greater Toronto and Oak Ridges 



227 

 

Moraine areas, southern Ontario. In Current research. Geological Survey of Canada, Paper 1998-

E. 89–102. 

Russell, H.A.J., Sharpe, D.R., Logan, C. and Brennand, T.A., (2001) Not without sedimentology: 

Guiding groundwater studies in the Oak Ridges Moraine, Southern Ontario, Illinois State 

Geological Survey, Open File Series 2000-1, Bloomington-Normal, 38-41. 

Sadura, S., Martini, I.P., Endres, A.L., Wolf, K. (2006) Morphology and GPR stratigraphy of a 

frontal part of an end moraine of the Laurentide Ice Sheet: Paris Moraine near Guelph, ON, 

Canada. Geomorphology, 75, 212-225. 

Sharpe, D.R. (1988) Late glacial landforms of Wollaston Peninsula, Victoria Island, NWT: 

product of ice-marginal retreat, surge, and mass stagnation. Canadian Journal of Earth Sciences, 

25, 262–279. 

Sharpe, D. R., Russell, H. A. J. 2006. Geological frameworks in support of source water 

protection in Ontario. Three-dimensional geological mapping for groundwater applications: 

Workshop Extended Abstracts. Russell, H.A.J., Berg, R. C. and L. H. Thorleifson. Geological 

Survey of Canada. Open File 5048, 79-83. 

Sharpe, D.R., Hinton, M., Russell, H.A.J. (2000) Groundwater resources in the Oak Ridges 

Moraine, Greater Toronto area. In, GeoCanada 2000 - the millenium geoscience summit; 

Geological Association of Canada; Geological Association of Canada-Mineralogical Association 

of Canada, Joint Annual Meeting, Programs with Abstracts 25, 2000. 

Sharpe, D.R., Russell, H.A.J., Logan, C. (2007) A 3-dimensional geological model of the Oak 

Ridges Moraine area, Ontario, Canada. Journal of Maps, 3, 239-253. 

Sharpe, D.R., Pugin, A., Pullan, S., Shaw, J., 2004. Regional unconformities and the sedimentary 

architecture of the Oak Ridges Moraine area, southern Ontario. Canadian Journal of Earth 

Sciences, 41, 183–198. 

Sharpe, D.R., Dyke, L.D., Hinton, M.J., Pullan, S.E., Russell, H.A.J., Brennand, T.A., Barnett, 

P.J., Pugin, A., (1996) Groundwater prospects in the Oak Ridges Moraine area, southern Ontario: 

application of regional geological models; Current Research 1996-E, Geological Survey of 

Canada, 181-190. 

Shaw, J. (1983) Drumlin formation related to inverted melt-water erosional marks. Journal of 

Glaciology, 29, 461–479. 

Shaw, J. (1985) Subglacial and ice marginal environments, in Ashley, G. M., Shaw, J., and 

Smith, N. D., eds., Glacial sedimentary environments: Society of Economic Paleontologists and  

Mineralogists Short Course No. 16, 246 pp. 



228 

 

Shaw, J. (2002) The meltwater hypothesis for subglacial bedforms. Quaternary International, 90, 

5-22. 

Spedding, N., Evans, D.J.A.  (2002) Sediments and landforms at Kvíàrjökull, southeast Iceland: 

a reappraisal of the glaciated valley landsystem. Sedimentary Geology, 149, 21–42. 

Stephenson, D.A., Fleming, A.H., Mickelson, D.M. (1988) Glacial deposits. in Back, W., 

Rosenshein, J.S., Seaber, P.R. (eds) Hydrogeology. The geology of North America vol O-2. 

Geologiccal Society America, Boulder, Colorado, 301–314. 

Stokes, C.R., Spagnolo, M., Clark, C.D. (2011) The composition and internal structure of 

drumlins: complexity, commonality, and implications for a unifying theory of their formation 

Earth-Science Reviews 107, 398-422. 

Straw, A. (1968) A geomorphological appraisal of the deglaciation of an area between Hamilton 

and Guelph, southern Ontario. Canadian Geographer, 12, 135 - 143. 

Straw, A. (1988) A pre-Paris ice-sheet limit near Guelph, Southern Ontario. Canadian Journal of 

Earth Sciences, 25, 1871-1883. 

Surficial Geology of Southern Ontario (2010) [Map]. Ontario Geological Survey(OGS). 

Miscellaneous Release-Data 128-REV [computer files]. Using: ArcMap 9.3 [GIS software]. 

Queen’s Printer for Ontario, 2010. 

Swift, D.A., Evans, D.J.A., Fallick, A.E. (2006) Transverse englacial debris-rich ice bands at 

Kvíàrjökull, southeast Iceland. Quaternary Science Reviews, 25, 1708–1718. 

SWOOP (2006).  Orthoimagery Tiled Dataset [computer files]. Firstbasesolutions, 2006. 

Taylor, F.B. (1913) The moraine systems of southwestern Ontario. Canadian Institute 

Transactions, 10, 57–79. 

Telford, P.G. (1976) Paleozoic Geology, Guelph, Southern Ontario. Ontario Geological Survey. 

M2342. 

Thomson, D.A. (2004) Influence of grain size variability and sedimentology on solvent DNAPL 

distribution in the Bordon Aquifer, Master’s Thesis, University of Waterloo-Department of Earth 

Sciences, Waterloo, ON. 

van der Meer, J.J.M., Menzies, J. (2011) The micromorphology of unconsolidated sediments, 

Sedimentary Geology, 238, 213-232 . 

Vos, M.A. (1969) Guelph Sheet, Southern Ontario, Drift  Thickness. Ontario Geological Survey. 

P0534. 



229 

 

Walker, R. G. and James, N. P. (eds) (1992). Facies Models: Response to Sea Level Change. 

Geological Association of Canada 2nd ed. 409 pp. 

White, O.L. (1975) Quaternary Geology of the Bolton area; Ontario Geological Survey, Report 

117. 119 pp. 

Winsemann, J., Asprion, U., Meyer, T. and Schramm, C. (2007) Facies characteristics of Middle 

Pleistocene (Saalian) ice-margin subaqueous fan and delta deposits, glacial Lake Leine, NW 

Germany. Sedimentary Geology, 193, 105-129. 

  



230 

 

Appendix A: Road and Town Reference Maps 
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Figure A1: Location of cities and towns in the Guelph area, modified from (Surficial Geology of Southern 

Ontario, 2010). 
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Figure A2: Road of the Guelph area, modified from (Surficial Geology of Southern Ontario, 2010). 


