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ABSTRACT 

GEOSPATIAL ANALYSIS OF GROUNDWATER GEOCHEMISTRY AND QUATERNARY 

GEOLOGY OF SOUTHERN ONTARIO, CANADA: A STUDY OF REGIONAL AND 

LOCAL TRENDS 

 

Nazia Nawrin 

University of Guelph, 2021

                                       Advisor: 

                                       Dr. E. Arnaud

Groundwater geochemical data from 515 overburden wells are analyzed with the physiographic 

map of southern Ontario, and high-resolution cored logs and 3D Quaternary sediment mapping 

in the Brantford-Woodstock area of southwestern Ontario to examine the possible geological 

influence on groundwater quality and water-well vulnerability at both regional and local scale. 

Bored/dug wells in Bevelled Till Plains and drilled wells in Drumlinized Till Plains were found 

to be relatively vulnerable for arsenic & manganese and nitrate contamination, respectively, 

across southern Ontario in geospatial and Geographically Weighted Regression analyses. 

Subsurface sediment analysis at the local scale showed expected sediment pattern at variable 

shallow depths consistent with each physiography with some sediment heterogeneity that may 

affect shallow groundwater quality. At greater depths, the variable glacial depositional and 

erosional events significantly influenced the 3D sediment architecture and internal heterogeneity 

of hydrostratigraphic units, which in turn can impact the groundwater quality and susceptibility 

to contamination.  
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1 Chapter 1: Introduction 

1.1 Overview of Groundwater Use 

In today’s world, groundwater is considered as one of the important and safe sources of water for 

drinking purposes, irrigation, farming as well as industrial uses. Approximately 30.3% and 

28.5% of the population depend on groundwater for domestic use in Canada and Ontario, 

respectively (Statistics Canada 1996; Government of Canada 2013). Many significant aquifers in 

Canada are composed of thick sand and gravel beds that were formed by glacial meltwater 

streams during the last Quaternary glacial events (Government of Canada 2013). Some of these 

aquifers are being used to supply water at the municipal level, such as, in the City of Kitchener-

Waterloo in southern Ontario (Government of Canada 2013; Sharpe et al. 2014b). In rural 

Ontario, about 1.3 million people rely on their private water wells for domestic supply (Singer 

1990; Sharpe et al. 2014a). Many of those wells are getting their water supplies from relatively 

small aquifers found in thin sand and gravel deposits also deposited during the last Quaternary 

period (Government of Canada 2013). 

 

1.2 Water Well Vulnerability to Groundwater Contamination 

Groundwater supplies can be impacted by water quality constituents of both natural and 

anthropogenic sources (Foster and Chilton 2003) when the contaminants exceed the safe 

drinking water limit. Groundwater contamination usually occurs when anthropogenically sourced 

products such as crop fertilizers, gasoline, oil, road salts and chemicals from mines and industrial 

processes infiltrate groundwater and cause it to become unsafe for public use. High levels of 

naturally occurring species released from sediments and/or rocks can also be considered a threat 

against safe groundwater supplies when they exceed drinking water standards. There are many 

aspects that can also affect the vulnerability of a water well to groundwater contamination, such 

as well construction, well depth, soil type, physiography, geology, land use, different 

geochemical conditions, and the presence of other geochemical constituents in groundwater 

(Tesoriero and Voss 1997; Conboy and Goss 2000). Several studies have assessed some of those 
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characteristics, including well depth, surficial geology, physiography, Quaternary and bedrock 

stratigraphy, land use types, that may make water wells and groundwater vulnerable in terms of 

contamination by bacteria and redox sensitive contaminants – such as nitrate, arsenic, and iron 

(Conboy and Goss 2000; Tesoriero and Voss 1997; Anning et al. 2012; Tesoriero et al. 2017). 

It should be mentioned at this point that the term ‘susceptibility’ and ‘vulnerability’ are used 

interchangeably in many studies and yet lacks a clear explanation on how the term is being used. 

Frind et al. (2006) attempts to clarify the definitions for both terms as used in several resources 

in regard to the concept of aquifer, groundwater, and water well. One of the concepts was 

defined by U.S. EPA (1993) as “intrinsic susceptibility of an aquifer to contamination is related 

solely to the hydrogeological characteristics of the aquifer” and “aquifer vulnerability is denoted 

as a more comprehensive term relating to the effect of land-use practices, contaminant 

characteristics, and loading” (Frind et al. 2006). Frind et al. (2006) reached the conclusion that 

both terms are solely qualitative and can mean the same thing based on respective authors. In this 

investigation, the word ‘vulnerability’ to groundwater contamination will be used in the context 

of water well construction types on different physiography and ‘susceptibility’ to groundwater 

contamination will be used for geological and hydrogeological aspects following the above 

definition given by the U.S. EPA (1993). 

 

1.3 OGS Ambient Groundwater Geochemistry Data for Southern 

Ontario  

The Ontario Geological Survey (OGS) initiated an Ambient Groundwater Geochemistry (AGG) 

Project in 2007 that encompasses taking water samples from domestic and farm wells in addition 

to some monitoring wells across southern Ontario (S-ON). The AGG project aims to characterize 

baseline groundwater geochemistry of the bedrock and overburden sediments in southern 

Ontario, so that the AGG database can help to determine the effect of natural variations in rock 

and sediment characteristics on groundwater quality (Hamilton 2015). The investigation reported 

here will focus on 515 water samples that were collected from bored/dug and drilled wells 

completed in Quaternary overburden sediment across southern Ontario (Figure 1.1). Bored/dug 
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wells are shallow, large diameter open holes that are typically less protected from surface 

contamination than drilled wells. As a result of their construction, bored/dug wells are 

considered vulnerable to surface contamination because they are not cased continuously and 

mostly capture runoff or the near surface aquifer water. On the contrary, drilled wells are 

considered to have a lower risk of contamination due to their depth and the protection provided 

by the installation of continuous casing and grouting of annular space surrounding the casing 

(U.S. EPA 2016).  

Combining the OGS AGG groundwater geochemical data and other OGS geological datasets, 

e.g., physiographic map and surficial geology map for southern Ontario, high-resolution 

borehole cored logs and conceptual geologic model data for Brantford-Woodstock area in south-

western Ontario, provides an opportunity to study the connection between water quality and 

Quaternary geology of southern Ontario. 

 

1.4 Quaternary Geology and Physiography of Southern Ontario  

The physiography of southern Ontario has been profoundly reshaped by the last Quaternary 

glaciation. Multiple series of ice advances and recessions have led to a variety of unconsolidated 

materials consisting of till, gravel, sand, silt, and clay (Barnett 1992; Singer et al. 2003) and 

given rise to a set of diverse landforms, such as moraines, till plains, drumlins, sand plains, clay 

plains, and spillways (Chapman and Putnam 1984). 

Chapman and Putnam (1984) delineated and described the physiographic features that exist in 

southern Ontario (Figure 1.1) based on the surficial geology and topographic characteristics with 

the help of vertical aerial photographs. The physiographic features that are highlighted in this 

investigation are briefly defined here from Chapman and Putnam (1984). Till plains are usually 

characterized by a heterogeneous mixture of different textured deposits, i.e., clay, silt, and sand 

with stones. Drumlins are oval-shaped hills with smooth convex contours formed by variations in 

stress on the sediment bed by a glacier and indicative of the ice flow direction. Undrumlinized or 

Drumlinized Till Plains basically refers to the presence or absence of drumlins on the surface of 
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a till plain. Another prominent glacial landscape is moraines; these were formed by receding or 

advancing glaciers and typically occur as regional topographic highs at the present time. Till 

Moraines were presumed to consist primarily of till but have been shown to be relatively 

heterogenous in nature (e.g., Arnaud et al. 2018). In contrast, Kame Moraines are irregularly 

shaped hills composed of stratified sand and gravel. 

Bevelled Till Plains are comparatively flat, reworked till plains that were formerly deposited by 

ice and then over-ridden by subsequent glacial advances and ultimately a shallow layer of 

glaciolacustrine clay was laid down over the tills. During the last glacier retreat, extensive 

lowland areas were submerged in glacial lakes. Consequently, sediment deposited in those 

glacial lake basins in shoreline, deltaic and glaciolacustrine environment formed several Sand 

and Clay Plains. Spillways are known as the abandoned channel of a glacial meltwater stream 

identified by its entrenched topography, and often associated with gravel beds (Chapman and 

Putnam 1984). 

As the glacial processes determine the nature and distribution of shallow subsurface sediments 

that overlie the water table, and these in turn can affect groundwater quality, the water wells 

completed in some of these physiographic features may be more vulnerable in terms of 

groundwater contamination. Since the Quaternary glacial sediments show different hydraulic 

characteristics depending upon their grain size and sorting as well as their distribution, geometry 

and connectivity in the subsurface, it is important to characterize the sedimentation styles 

associated with these physiographic features to better understand the groundwater flow systems 

in these shallow unconsolidated glacial deposits. The high-resolution cored borehole logs 

obtained from the Quaternary sediment in the context of OGS subsurface 3D Quaternary 

deposits mapping in several regions of southern Ontario, such as the Brantford-Woodstock area 

(Figure 1.1), can assist to get a sense of the variability of subsurface sedimentation styles 

underlying certain physiographic features and thereby, the geological influences on local 

groundwater quality. 
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Figure 1.1: Distribution of OGS AGG overburden bored/dug and drilled wells over 

physiographic features of southern Ontario and Brantford-Woodstock area (inset map) 

 

1.5 Main Research Objective 

The main objective of this investigation is to explore the relationship between specific 

groundwater quality parameters and Quaternary overburden geology in southern Ontario.  

This study integrates the OGS AGG overburden water well database with OGS physiographic 

and surficial geology maps for southern Ontario to investigate the regional scale trends of five 

specific groundwater geochemical constituents, i.e., arsenic, fluoride, manganese, chloride, and 

nitrate. Further analyses at the local scale involves the OGS high-resolution cored logs and 
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Quaternary geological model data for the Brantford-Woodstock (BW) area of southern Ontario 

to focus on the subsurface sedimentation styles underlying specific physiographic features and 

the impact of these on the specific groundwater quality constituents.  

Identifying the physiographic features in southern Ontario where the overburden water wells are 

impacted by either anthropogenic activities and/or naturally occurring constituents, can 

potentially assist planners with water resource management and future land-use development. 

 

1.6 Thesis Structure  

Following this introduction, this thesis contains two core chapters that focus on analyses at the 

regional and local (Brantford-Woodstock) scale. “Chapter 2 – Regional trends of specific 

groundwater geochemistry in overburden wells of southern Ontario” discusses the geospatial 

analysis of five groundwater geochemical constituents within specific physiographic features 

across southern Ontario. This chapter also includes Geographically Weighted Regression (GWR) 

analysis in ArcGIS, which demonstrates the relationship of concentration of constituents with 

physiography and other geological, geochemical, and chemical factors and well depth. “Chapter 

3 – Local trends of specific groundwater geochemistry and Quaternary geology in Brantford-

Woodstock area of southern Ontario” examines if certain physiographic features have particular 

sedimentation styles at depth, how deeper surficial deposits are consistent or not with associated 

physiography and how the sediment patterns might influence local groundwater quality in the 

BW area of S-ON. Chapter 4 summarizes the key findings and identifies future areas of study. 
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2 Chapter 2: Regional Trends of Specific Groundwater 

Geochemistry in Overburden Wells of Southern Ontario 

2.1 Introduction 

Water intended for human consumption should have concentrations of geochemical constituents 

or radioactive substances below health-related standard and be safe from disease-causing 

microorganisms. Potable water is also expected to be aesthetically acceptable in terms of taste, 

odour, turbidity, and colour. Moreover, the other characteristics of daily usable water should be 

controlled based on economic considerations because of their effects on the distribution system 

as well as the domestic and industrial use of the water, such as corrosiveness, a tendency to form 

incrustations, excessive soap consumption etc. (Ontario Ministry of the Environment 2006). 

Diseases related to contamination of drinking water may cause significant harm to human health, 

particularly in young children and people who are already at risk. Hence, interventions to 

improve the quality of drinking water offer substantial benefits to health (WHO 2011). 

Groundwater geochemical data are often treated as water quality data when compared against the 

benchmark of regulatory standards. A broad range of different constituents can become dissolved 

in groundwater naturally due to interactions with the bedrock, sediment, soil, and atmosphere. 

This is the reason groundwater is most likely to contain much higher concentrations of 

constituents than the surface water through natural processes. Deep groundwater that has been in 

contact with rock for a long time tends to have even greater concentrations than shallow 

groundwater (Earle et al. 2004). Moreover, contamination from agriculture activities, industrial 

uses, urbanization, and wastewater can notably change the groundwater geochemistry by 

elevating certain constituents released from the surface. 

The Ontario Geological Survey’s (OGS) Ambient Groundwater Geochemistry (AGG) dataset 

includes 2300 water samples collected from domestic, farm and monitoring wells completed in 

bedrock and overburden sediments, and about 80 constituents were analyzed from these water 

samples. This provides the opportunity to have detailed groundwater geochemical mapping over 

most of southern Ontario. Several studies and related spatial mapping using the AGG database 
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have been carried out, demonstrating that regional trends in groundwater chemistry of southern 

Ontario can be attributed to regional geology for a number of dissolved geochemical constituents 

(Freckelton 2013; McIntosh et al. 2014; Hamilton et al. 2015; Colgrove 2016; Lemieux et al. 

2016; Smal 2017; Colgrove and Hamilton 2018). However, most of these investigations were 

completed using the information from AGG bedrock wells. The most recent investigation GRS 

17 (Colgrove and Hamilton 2018) in the OGS Groundwater Resource Study series discussed the 

geospatial distribution of 13 geochemical, bacteriological and gas parameters in groundwater 

based on their relationship to the Paleozoic bedrock geology of southern Ontario. This study 

used the polygon delineation method for discrete areas of elevated concentrations of the 

parameters. However, these constituents in overburden wells were not analyzed during spatial 

machine contouring since most of them commonly have a spatial association with elevated 

concentrations in bedrock wells (Colgrove and Hamilton 2018). Moreover, none of the studies to 

date involve AGG overburden bored/dug wells along with drilled wells and physiographic 

features to investigate the regional trends of groundwater geochemistry from the overburden 

wells. 

Based on the research gap, the objective of this study is to explore the following research 

questions at the regional scale:  

i. Are certain physiographic features associated with elevated value or clusters of specific 

geochemical constituents in groundwater of southern Ontario? 

ii. Can some other factors (geochemical conditions, well depth, well construction, and other 

geological parameters) help to explain specific groundwater quality data with 

physiographic features? 

iii. Can any physiographic features in southern Ontario be used to determine water well 

vulnerability to groundwater contamination? 

Since southern Ontario is an excellent analog for other glaciated settings globally, the findings 

related to groundwater quality and glacial sediment from this investigation should be applicable 

elsewhere. 
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2.2 Background of Selected AGG Geochemical Constituents in 

Groundwater 

Five groundwater geochemical constituents (arsenic, fluoride, manganese, chloride, nitrate) from 

the AGG overburden wells database were selected for this study based on their spatial 

distribution pattern of the elevated values above drinking water standard – broadly distributed 

and clustering as well as their probable sources (Table 2.1). Broadly distributed elevated values 

of any geochemical constituent signify the widespread existence of the constituent released from 

either geogenic sources, such as sediment and rock, or from anthropogenic sources, such as 

common fertilizer application in agricultural lands and urbanization. In contrast, elevated 

clustered values allow identifying a particular region where a groundwater geochemical 

constituent may be originating from specific geological materials/formations or from specific 

human activities, e.g., septic, wastewater, industrial waste, specific fertilizer applied to 

croplands. 

 

Table 2.1: Selected geochemical constituents based on their probable sources and geospatial 

distribution across southern Ontario 

Probable Sources Broadly distributed Clusters 

Human-

induced 

Agriculture NO3 As, F 

Industrial - As 

Urbanization/ Waste Cl, Mn, NO3 Cl, F, NO3 

Natural Mn As, Cl, F 

Probable human-induced sources: Fertilizer, manure, septic-NO3, Phosphate fertilizer–

As, F; Wood industry-As; Road salt, septic-Cl; Tap water fluoridation-F; Oxidizing 

agent in water treatment-Mn. 
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Summary Table 2.2 contains the list of chosen AGG groundwater geochemical constituents for 

this study, the general information regarding their natural and human-induced sources, their 

drinking water standards according to federal and provincial level guidelines and their detection 

limits. Maximum acceptable concentration (MAC) for arsenic, fluoride and nitrate, and aesthetic 

objective (AO) for chloride in drinking water are the same for both federal and provincial level 

(Health Canada 2020; Ontario Safe Drinking Water Act 2002; Ontario Ministry of the 

Environment 2006). Manganese is the only constituent that has different AO standards for 

federal and provincial level (Health Canada 2020; Ontario Ministry of the Environment 2006). In 

addition, the federal guideline recently included MAC standard for manganese in drinking water 

(Health Canada 2020). Light rare earth elements (LREE) and heavy rare earth elements (HREE) 

are included in Table 2.2 as these two parameters will be used to examine their possible 

connection to nitrate regarding anthropogenic sources.



 

 

11 

 

Table 2.2: Summary table containing the general information about the chosen geochemical constituents from OGS AGG dataset 

Geochemical 

constituents 

Natural Source  Anthropogenic Source Drinking 

Water Limit 

Standard OGS AGG 

Detection 

Limit3 

Arsenic 

(As) 

Sulfarsenides, e.g., arsenopyrite; 

Disseminated sulphide minerals, 

pyrite, galena; Ni, Co and Fe-

arsenide (Health Canada 2006; 

Carex Canada 2018). 

Chromated copper arsenate (CCA) 

in the wood preservation industry; 

Metallurgical, semiconductor, 

glassmaking industry;  

Chemical phosphate fertilizers, 

pesticides (Health Canada 2006; 

Tremearne and Jacob 1941). 

10 μg/L1,2 

(ALARA)2 

MAC 0.03 μg/L 

Chloride 

(Cl) 

From natural salts - sodium 

(NaCl), potassium (KCl) and 

calcium (CaCl2); evaporites, 

formational brines (Health Canada 

1987; Ontario Ministry of the 

Environment 2006). 

Road salts used for deicing in 

winter; Water softener; Septic 

(Health Canada 1987, 2020). 

250 mg/L1,2 AO 0.03 mg/L 

Fluoride 

(F) 

Fluorine-bearing minerals, e.g., 

fluorite, fluorapatite; Micas, illites 

in the clay fractions; Alkaline 

granites (deficient in calcium); 

Sedimentary phosphate beds or 

volcanic ash layers are also 

particularly sensitive to relative 

high F concentration (IGRAC 

2004). 

Chemical phosphate fertilizers in 

agricultural areas; Septic and 

sewage treatment system 

discharges in communities with 

fluoridated water supplies; Liquid 

waste from industrial sources 

(Health Canada 2010, 2020; 

Ramteke et al. 2018). 

1.5 mg/L1,2 MAC 0.02 mg/L 
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Manganese 

(Mn) 

Rock and soil weathering and 

dissolution; Greater concentrations 

of Mn are found in groundwater 

that are acidic (low pH) and are in 

a reduced (anaerobic) condition 

(International Manganese Institute 

2013; Health Canada 2019). 

Mining, industrial discharges and 

landfill leaching; Potassium 

permanganate is used as an 

oxidant for cleaning, bleaching, 

disinfection purposes as well as in 

water treatment (Health Canada 

2019). 

50 μg/L1 

 
 

AO1 

 
 

2 μg/L 

120 μg/L2 

20 μg/L2 

MAC2 

AO2 

Nitrate (NO3) Geological formations containing 

soluble nitrogen compounds 

(Ontario Ministry of the 

Environment 2006). 

Manure; Agricultural fertilizers; 

Domestic sewage, septic (Ontario 

Ministry of the Environment 2006; 

Health Canada 2013). 

10 mg/L as 

N1,2 

MAC 0.1 mg/L 

as N 

Light Rare 

Earth 

Elements 

(LREE)4 

Alkaline igneous rocks are 

common host deposits of Rare 

Earth Elements (REE) (Dostal 

2017).  

LREE are mainly associated with 

clayey soils, whereas HREE are 

more associated with sandy soils 

(Ramos et al. 2016a). 

Phosphate fertilizer (Ramos et al. 

2016b) 

  0.0001 

μg/L 

Heavy Rare 

Earth 

Elements 

(HREE)5 

Wastewater (sewage) treatment 

plant (Verplanck et al. 2010; Song 

et al. 2017); Phosphate fertilizer 

(Ramos et al. 2016b). 

  0.0001 

μg/L 

Acronyms: MAC = maximum acceptable concentration (health-based standard), AO = aesthetic objective (based on non-health criteria, i.e., taste, 

odour, or colour of water), ALARA = as low as reasonably achievable, OGS AGG = Ontario Geological Survey Ambient Groundwater 

Geochemistry project 
1Ontario Drinking Water Standard 2002 and 2006 
2Guidelines for Canadian Drinking Water Quality, September 2020 
3Detection limits used for the water samples of Ambient Groundwater Geochemistry project collected by Ontario Geological Survey from MRD-

283 revised, 2015 
4LREE is the sum of these constituents – Lanthanum (La), Cerium (Ce), Praseodymium (Pr), Neodymium (Nd), Samarium (Sm), Europium (Eu)  
5HREE is the sum of these constituents – Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm), 

Ytterbium (Yb), Lutetium (Lu)
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2.2.1 Arsenic 

The current maximum acceptable concentration (MAC) for arsenic (As) in drinking water is set 

at 10 µg/L at both provincial and federal level based on treatment achievability (Ontario Safe 

Drinking Water Act 2002), i.e., arsenic levels in drinking water should be maintained as low as 

reasonably achievable (ALARA) (Health Canada 2020). Arsenic is a known human carcinogen; 

inorganic forms of arsenic could be responsible for lung, bladder, liver, skin cancer as well as 

skin, vascular and neurological effects in human (Carex Canada 2018; Health Canada 2020). 

The predominant source of arsenic in groundwater is natural or geogenic, that is derived from the 

interactions between groundwater and aquifer sediments, i.e., arsenic bearing rocks or minerals, 

particularly pyrite (FeS2), arsenopyrite (FeAsS), and some other sulphide minerals (Ahmed et al. 

2004, Herath et al., 2016). In southern Ontario, disseminated pyrite is found to be associated with 

the Paleozoic Devonian Dundee Formation, Silurian Gasport and Eramosa Member in the 

Lockport/Amabel Formation (Brunton et al. 2007), and the Ordovician Gull River Formation 

(Armstrong and Carter 2010). Sulfide minerals may act as both source and sink for arsenic. Iron 

deposits, sedimentary iron ores, and manganese nodules also contain As-rich minerals in some 

areas. Arsenic can also be present in higher levels in finer-grained argillaceous sediments, 

bituminous partings, phosphorite, and reduced marine sediments (Bhattacharya et al., 2002; 

Francesconi and Kuehnelt, 2002; Cramer et al. 1988; Herath et al., 2016). In southern Ontario, 

the Silurian Eramosa Member in Lockport Formation, Bertie and Bass Islands formations, and 

the Devonian Amherstburg and Dundee formations all contain bituminous dolostone and 

limestone (Armstrong and Dodge 2007).  

Industrial effluents, agricultural activities, coal and oil exploitation and combustion, and mining 

of metal ores are common anthropogenic sources that release arsenic into groundwater (Health 

Canada, 2006). However, in Canada, elevated arsenic concentrations have been found in some 

areas, chiefly from natural sources (Health Canada 2006). 

Generally, arsenic is reported to be found at higher levels in groundwater than surface water if 

there are nearby sources under favorable natural biogeochemical environments (Health Canada, 
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2020). Several geochemical conditions control the mobilization of arsenic from the solid and/or 

semisolid phases to the aqueous phase, such as oxidation/reduction, dissolution, ion exchange 

and adsorption/desorption (Herath et al. 2016). Reducing (anaerobic) conditions in the presence 

of natural organic matter in aquifer sediments act as important geochemical triggers to release 

arsenic into groundwater systems (Herath et al. 2016). On the other hand, the transformation of 

As (III) to As (V) occurs under oxidizing conditions, and results in As adsorbing into clays, 

metal oxyhydroxides e.g., iron, aluminum, manganese oxides/hydroxides, and organic matters 

found in sediments, which in turn help in attenuating the concentration of dissolved As (III) in 

groundwater (Herath et al. 2016). For example, aluminosilicate clay minerals are composed of 

alternating layers of silica oxide and aluminum oxide, which provide several types of binding 

sites to adsorb a variety of metal ions, such as arsenic (Herath et al. 2016). Hence, the presence 

of clay minerals and the redox and adsorption reactions play a critical role in the natural 

attenuation and transformation of arsenic in groundwater. 

Arsenic can be naturally present in phosphate rocks (Jayasumana et al. 2015). In an investigation 

by Tremearne and Jacob in 1941, arsenic was found in several phosphate rock samples collected 

from different places. In 1859, Davy pointed out that apart from the phosphate rocks, arsenic 

may be introduced as an impurity in the sulphuric and phosphoric acids used in the 

manufacturing process of superphosphate, particularly when the sulphuric acid is made from 

pyrite (Tremearne and Jacob 1941). Single superphosphate, one of the oldest commercial 

fertilizer, in which sulphuric acid is used during manufacturing, has been on the market since 

1840, but is now less popular among major fertilizer suppliers in Ontario due to its replacement 

by mono-ammonium phosphate that does not include sulphuric acid (OMAFRA 2018). 
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2.2.2 Fluoride 

The maximum acceptable concentration of fluoride (F) in drinking water is 1.5 mg/L in Ontario 

(Ontario Safe Drinking Water Act 2002). At an optimum 1 mg/L concentration, fluoride can 

reduce the risk of dental cavities (IGRAC 2004; WHO 2004). But exposure to higher than 1.5 

mg/L can cause dental fluorosis, which is most common and widely known adverse effects of 

elevated fluoride in drinking water. Mild dental fluorosis results in discoloration of teeth, which 

is not considered an adverse effect, but moderate to severe dental fluorosis involves pitting and 

alteration of tooth enamel. The serious adverse health effect associated with prolonged high 

fluoride exposure in drinking water ranging between 3 to 6 mg/L is known as skeletal fluorosis, 

which can cause joint pain, restriction of movement, and an increase in the risk of bone fractures 

(WHO 2004). Crippling skeletal fluorosis typically develops only when drinking water contains 

over 10 mg/L fluoride (WHO 2004). This very high exposure level of fluoride has rarely been 

recorded in Canada (Health Canada 2010). 

Fluoridation is a well-known process where fluoride components are added to drinking water 

supplies for dental health benefits (Health Canada 2010). In Ontario, it is advised that the 

fluoride concentration in tap water, if added, should be between 0.5 to 0.8 mg/L to maintain the 

optimum level of safe drinking water for control of tooth decay (Ontario Ministry of the 

Environment 2006). In Ontario, Brantford was the first community to fluoridate their water 

supply starting in 1945. Until 2009, 45% of Canadian communities had a fluoridated water 

supply. Municipalities across Canada have the choice to fluoridate their water. Therefore, many 

communities have voted to stop fluoridation in their tap water in the last couple of years as some 

questions have arisen about its beneficial effects (Rabb-Waytowich 2009). 

Fluoride can be dissolved into groundwater system naturally from crystalline rocks in 

Precambrian basement areas (particularly those containing low calcium), carbonate sedimentary 

rocks containing F-bearing minerals, clastic sediments having abundant micas and illites in the 

clay fractions, sedimentary phosphate rocks containing fluorapatite, or from volcanic ash layers 

(Frencken et al. 1992; IGRAC 2004). The most common F-bearing minerals are fluorite (CaF2), 

fluorapatite (Ca5(PO4)3F), and micas (AB2–3(X, Si)4O10(O, F, OH)2). Fluoride contamination 
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tends to take place naturally where these minerals are most abundant in the host rocks (IGRAC 

2004). In southwestern Ontario, the clay fractions in carbonate bedrock formations are greatly 

associated with younger Devonian formations (Armstrong and Dodge 2007). 

In general, shallow aquifers that contain recently infiltrated water usually have low fluoride 

content. However, high fluoride concentrations typically can be found in deep groundwaters, 

which have long residence times in the aquifers (Frencken et al. 1992; IGRAC 2004). Elevated 

fluoride groundwaters are often associated with sodium-bicarbonate type water that have 

relatively low calcium and magnesium concentrations, usually at high pH conditions (Frencken 

et al. 1992; IGRAC 2004). Moreover, some properties of groundwater, e.g., pH, water hardness, 

and the presence of ion-exchangeable aquifer materials such as clays, may influence the 

mobilization and transport of fluoride in groundwater (Health Canada 2010). 

Although the natural contributors are predominantly responsible for fluoride contamination, 

several studies have reported the role of phosphate fertilizer as a significant man-made source to 

release higher amount of fluoride in groundwater (Mezghani et al. 2005; Kundu et al. 2009; 

Navarro et al. 2017; Ramteke et al. 2018). In the areas of intensive agricultural practices, there is 

high possibility of fluoride contamination because of the use of phosphate fertilizers and 

pesticides that may eventually reach the groundwater through runoff and infiltration (Navarro et 

al. 2017). Phosphate fertilizers are manufactured by reacting phosphate rock, that may contain 

high levels of fluoride in the form of fluorapatite (Ca5(PO4)3F), with sulphuric or phosphoric acid 

(Ramteke et al. 2018; OMAFRA 2018). Phosphate rock is also known to contain arsenic, 

cadmium, uranium, and lead, therefore these constituents may also get released from phosphate 

fertilizers along with fluoride to the groundwater system (Ramteke et al. 2018). Although, single 

and triple superphosphate fertilizers use phosphate rocks as raw materials for the source of 

phosphorus nutrients, their application is very limited in Ontario at the present time (OMAFRA 

2018). Currently mono-ammonium phosphate, produced by reacting anhydrous ammonia with 

phosphoric acid, which usually does not contain fluoride, is the most commonly used phosphorus 

fertilizer in Ontario because of its high nutrient concentration and relatively better crop safety 

quality (OMAFRA 2018).
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2.2.3 Manganese 

In Canada, the maximum acceptable concentration (MAC) standard for total manganese (Mn) in 

drinking water has recently been introduced and is set as 120 μg/L considering the neurological 

effects in children (Health Canada 2019). However, manganese has long been considered only an 

aesthetic concern in water supply causing discoloration and staining on laundry and fixtures and 

undesirable metallic tastes; the current AO standard is 20 μg/L by federal guideline (Health 

Canada 2019) and 50 μg/L by provincial guideline (Ontario Ministry of the Environment 2006). 

In this investigation, the MAC and AO standard by federal guideline will be considered for 

manganese. 

Manganese occurs abundantly in natural water from weathering of soil and rock and can exist in 

various oxidation states. It can be found more extensively in groundwater than in surface water, 

as it is mobilized under anoxic (reducing) conditions, which are more common in groundwater 

(Stokes et al. 1988; Kohl and Medlar 2006; WHO 2011; ATSDR 2012, Health Canada 2019). 

The most abundant Mn-containing minerals found in soil are pyrolusite (MnO₂), rhodochrosite 

(MnCO3), and rhodonite (MnSiO3) (Stokes et al. 1988; IPCS 1999; Kohl and Medlar 2006). 

Manganese can also be mobilized into groundwater as a consequence of human activities, for 

instance, industrial discharges, landfill leaching, mining wastewaters, etc. Manganese is one of 

the essential elements for plant growth, thus often included in fertilizers (Health Canada 2019). 

Furthermore, manganese, in its permanganate (MnO4
-) form, is widely used as an oxidizing agent 

in the treatment of drinking water for removal of iron, manganese, and organic matter (Health 

Canada 2019). The insoluble Mn (IV) oxide (MnO2) produced in such processes, is later 

removed by filtration (Hem 1985). 

The forms of manganese present in groundwater are mostly depend on the pH and oxidation-

reduction potential (WHO 2004, 2011). The dissolved form of manganese, Mn (II), is most 

prevalent in groundwater when the favorable geochemical conditions, i.e., acidic pH (low pH) 

and reducing conditions (low dissolved oxygen) exist in the aquifer (Figure 2.1) (Kohl and 

Medlar 2006; Brandhuber et al. 2013). 



 

 

18 

 

 

Figure 2.1: Effects of redox conditions on nitrate and manganese in saturated zone (Ohio EPA 

2014) 

Conversely, in high pH and oxidizing condition, soluble Mn (II) precipitates out from 

groundwater and converts into low solubility manganese forms Mn (III) and Mn (IV) (WHO 

2004).

 

2.2.4 Chloride 

Road salt is commonly used for deicing in winter in Canada and as a result it is a potential source 

of groundwater contamination. According to the Ontario drinking water standard, the maximum 

allowable chloride (Cl) concentration based on AO standard is 250 mg/l (Ontario Ministry of the 

Environment 2006), though concentrations as high as 14,000 mg/l have been detected in shallow 

groundwater near highways in Toronto (Howard and Maier 2007). The federal guideline for 

chloride levels found in drinking water is also set not necessarily for health concern but rather 

based on taste and potential for corrosion in the distribution system (Health Canada 2020). 
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In winter, deicing road salt is an obvious non-point source contributor of chloride to groundwater 

of southern Ontario. The other common anthropogenic chloride sources are sewage, septic 

effluent, water softener systems (backwash brine), fertilizer application, animal waste, and 

landfill leachate (Panno et al. 2006).  

Chloride can be present naturally as low concentrations in all types of water. Chloride forms a 

few complex ions with some of the positively charged ions present in natural waters, more 

significantly in seawater and brine. Most important natural source of chloride is associated with 

sedimentary rocks, particularly the evaporites (Hem 1985). In southern Ontario, the evaporite 

beds are found in the Paleozoic Upper Silurian Salina Formation (Armstrong and Dodge 2007). 

Chemically, chloride is considered as a conservative constituent compared to the other major 

ions, because Cl ions do not form low soluble salts, form no essential solute complexes with 

other ions, are not considerably adsorbed onto mineral surfaces, do not significantly enter into 

redox reactions, and participate in very few biochemical activities (Hem 1985). Physical 

processes play a vital role in circulation of Cl ions in the hydrologic cycle and this lack of 

complexities was illustrated by experiments with tracers in groundwater (Kaufman and Orlob 

1956). However, the nature of chloride movement through compacted clay or shale is different 

(Hem 1985).  

The differential permeability of clay and shale may act as a key factor controlling the 

characteristics and composition of formational brine to transfer through the fine-grained 

sediments (Hem 1985). This is possibly significant in the sediments derived from Devonian and 

Ordovician shale-dominated bedrock in southern Ontario (Hamilton et al. 2015; Colgrove and 

Hamilton 2018). Furthermore, as the Cl ion is relatively large compared to the other major ions 

in water, it is possible that the chloride released from man-made sources could remain in 

interstitial or pore water in clay and shale for longer time while water itself moves (Hem 1985).  

Cl/Br mass ratio related to previous investigations 

Chloride and bromide ions have been used to differentiate among anthropogenic sources and 

naturally occurring salt sources in groundwater as both ions behave as conservative constituents 

in water and their proportions for different salt sources are known (Katz et al. 2011). The ranges 
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of Cl/Br ratios have been delineated for different natural and anthropogenic sources by several 

researchers (Davis et al. 1998; Panno et al. 2006; Katz et al. 2011). In Lake Superior, the largest 

freshwater lake in North America, local precipitation is thought to be the major contributor to 

Cl/Br ratios ranging around 120 (Davis et al. 1998). Natural evaporite dissolution from the 

bedrock formation as well as deicing road salt during the winter and septic discharge through the 

use of water softener result in halite influences on groundwater. Cl/Br signatures of natural brine 

can be separated from other halite dissolution of road salt and septic by their low Cl/Br ratio 

value and from dilute groundwater by Cl concentrations exceeding 10 mg/L (Johnston et al. 

2015; Mullaney et al. 2009; Smal 2017). Moreover, Total N vs Cl/Br ratios can effectively 

distinguish the groundwater samples contaminated by road salt from those contaminated by other 

Cl and N-rich sources (Panno et al. 2006). The investigation by Katz et al. 2011 showed the 

groundwater from shallow wells (<20 m) resulted in Cl/Br ratios from possible septic tank 

influence in the range of 400–1100 and Cl concentrations in the range of 20–100 mg/L. In 

addition, shallow groundwater beneath septic systems can have Cl/Br mass ratios between 300 – 

600 (Davis et al. 1998). Another study reported by Thomas (2000) near Detroit, Michigan 

suggests that there is a strong association between Cl/Br ratios above 400 and septic effluent. 

 

2.2.5 Nitrate 

The maximum acceptable concentration (MAC) for nitrate (NO3) in drinking water is 10 mg/L 

measured as N (Ontario Safe Drinking Water Act 2002). Elevated nitrate levels in drinking water 

can cause methaemoglobinaemia (Blue Baby Syndrome) in bottle-fed infants (Health Canada 

2013) and increase the risk of gastric cancers (WHO 2011). 

Naturally, nitrate is a product of the oxidation of nitrogen by microorganisms in plants, soil and 

water and to a lesser extent, by lightning (WHO 2007; Health Canada 2013). Nitric oxides are 

generated by lightning discharges, which were thought previously to be a main factor in 

producing NO3-N in rainwater (Hem 1985). However, groundwater contamination by nitrate 

typically occurs from two major anthropogenic sources - agricultural fertilizers and rural septic 

systems (Spalding and Exner 1993). Though human activities are responsible for releasing 
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excessive nitrate into groundwater, the resulting concentrations are related to biogeochemical 

conditions, the oxidation state, velocity and flow direction of groundwater, which can be 

influenced by local geological factors (Best et al. 2015; Colgrove and Hamilton 2018).  

Nitrogen containing fertilizers (e.g., urea and ammonium) are important non-point sources of 

elevated nitrate in rural groundwater of southwestern Ontario, leaching downwards through the 

unsaturated zone into aquifers (Goss and Goorahoo 1995; Goss et al. 1998). The rich nitrogen 

content from nitrate in septic waste from the large number of rural residences in southwestern 

Ontario makes another likely source of nitrate contamination in this region (Aravena and 

Robertson 1998). 

Nitrate is very soluble in water and likely to remain in groundwater until consumed by plants or 

other organisms (Myrold 2003). Hydrogeological characteristics of subsurface materials and 

associated biogeochemical environments have a significant control on nitrate transport, 

distribution, and natural attenuation in groundwater system (Robertson et al. 1996; Best et al. 

2015). Microbially mediated denitrification has long since been identified as the natural nitrate 

attenuation process in anoxic environments in the presence of organic carbon (Figure 2.1; 

Hiscock et al. 1991; Korom 1992; Rivett et al. 2008). Low permeable materials within 

overburden Quaternary system that are typically composed of silt and clay with higher sulfur 

contents, reducing conditions, high DOC and low DO can have a significant nitrate attenuating 

effect (Robertson et al. 1996). A study by Opazo et al. 2016 in the Guelph area of southwestern 

Ontario found several water samples with non-detect NO3
--N and high SO4

2-, suggesting 

denitrification in presence of high sulfate and other suitable geochemical environments can be an 

important mechanism in removing nitrate from the groundwater. Conversely, a thick and 

permeable unsaturated zone comprising coarse grained sediments with high DO and low DOC 

make the groundwater system particularly susceptible to nitrate leaching to greater depth (Best et 

al. 2015). 
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2.3 Methodology 

2.3.1 Study area, Dataset characteristics and Data preparation 

The present study makes use of an extensive groundwater geochemistry dataset acquired from a 

groundwater sampling program accomplished across different parts of southern Ontario from 

2007-2014 by the Ontario Geological Survey (OGS) (Hamilton 2015). The Ambient 

Groundwater Geochemistry (AGG) dataset for southern Ontario (MRD 283-REV) comprises 

analytical data, location, depth and type of well and other parameters for approximately 2300 

samples collected from domestic, farm and monitoring water wells into overburden sediments 

and bedrock. The overburden wells (bored/dug and drilled) were separated from bedrock wells 

and overburden interface wells and then imported into ArcGIS for spatial analysis. The interface 

wells, where the well screen or open interval occurs at the interface between overburden and 

bedrock, were excluded from this particular study as the groundwater at the sediment bedrock 

interface can be influenced by bedrock and this study aims to focus on the role of Quaternary 

geology in groundwater quality. The physiographic map (MRD 228), surficial geology map 

(MRD 128-REV) and Paleozoic geology map (MRD 219) of southern Ontario by the OGS and 

Agricultural Resource Inventory (ARI) map by Land Information Ontario (LIO) covering 

southern Ontario were integrated with the AGG dataset to get the geological and land use 

information at the well location using ArcGIS. ArcMap (v. 10.7) was used to analyze the spatial 

data. 

There are 17 physiographic features documented in southern Ontario by L.J. Chapman and D.F. 

Putnam (1984). Eight of these 17 physiographic features – Till Moraines, Spillways, Kame 

Moraines, Undrumlinized Till Plains, Drumlinized Till Plains and Drumlins, Bevelled Till 

Plains, Sand Plains and Clay Plains - were chosen for having sufficient number of overburden 

bored/dug and drilled wells to assess their influence on groundwater chemistry. The overburden 

wells on Sand and Clay Plains of Ottawa area were excluded from the AGG dataset for this 

investigation for two reasons. First, the water sample numbers in Sand and Clay Plains of Ottawa 

area are very high compared to the other Sand and Clay Plains of southern Ontario, thus this 

oversized sampled group of data in relatively small area can influence the overall statistics 
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(Palmer and Faloutsos 2000). Second, the depositional history of Champlain Sea Clay Plains in 

Ottawa, eastern Ontario is different and unique from the other Clay Plains located in the Niagara 

Peninsula and southwestern Ontario. Because of the unique characteristics of Champlain Sea 

glacial settings, the sample points in Ottawa were taken out to focus on only the southern Ontario 

region that will represent analog for similar glaciated terrain elsewhere. 

Hence, this study focuses on 515 overburden bored/dug and drilled wells in the eight 

physiographic features of southern Ontario. The average, maximum, minimum, and standard 

deviation of well depth provide an overview of the characteristics of overburden wells depending 

on their construction types (Table 2.3). The standard deviation of drilled well depths indicates 

more variability in depth ranges compared to bored/dug wells (Table 2.3). The majority of 

bored/dug wells are less or equal to 15 m in depth in all physiographic features, whereas drilled 

wells tend to be between 16-50m depth, with the wells located on Drumlinized Till Plains and 

Drumlins having the largest number of wells greater than 51m depth (Table 2.3; Figure 2.2). 

 

Table 2.3: OGS Ambient Groundwater Geochemistry (AGG) overburden wells (515) depth 

information based on well construction types 

Wells 
Number 

of wells 

Average 

depth (m) 

Std deviation of 

well depth (m) 

Minimum 

depth (m) 

Maximum 

depth (m) 

Bored/Dug 224 8.83 5.43 0.9 32 

Drilled 291 35.83 25.19 2.7 170.7 
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Figure 2.2: AGG overburden well depth vs frequency of well count (number of wells) in eight 

physiographic features of southern Ontario 

 

Piper diagram, geospatial and Geographically Weighted Regression (GWR) analyses were 

completed for bored/dug and drilled wells separately, since well construction is considered as a 

strong influencing factor on groundwater quality. 

 

2.3.2 Data analyses 

As part of analyzing groundwater quality data, three types of analyses were done. Major ion 

composition on Piper diagrams provided a sense of regional groundwater type in eight different 

physiographic features. Geospatial analysis was performed with concentrations of geochemical 

constituents and physiographic features to examine the distribution of impacted wells and level 

of contamination at a regional scale. Geographically Weighted Regression (GWR) analysis was 

done to quantitatively assess the relationship of geochemical constituent concentrations with 

each physiographic feature as well as with all physiographic features together and also by adding 

other geological, geochemical, chemical attributes and well depth to examine if these 
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explanatory variables can act as influencing factors to predict the water well’s vulnerability to 

groundwater contamination. 

 

2.3.2.1 Piper plots 

A Piper diagram is one of the major types of graphs created with GW Chart, a program created 

by the USGS for generating specialized graphs used in groundwater studies (Winston 2020). The 

Piper plots were generated separately for water samples collected from bored/dug and drilled 

overburden wells in eight physiographic features. Two new spreadsheets were generated 

including major ions and TDS by following the heading column of GW chart. Major cations (Ca, 

Mg, Na, K), major anions (CO3, HCO3, Cl, SO4) and TDS data were imported as concentrations 

(mg/L) unit to create the diagram by GW chart. CO3 concentration was calculated from HCO3 

concentration, temperature, and pH value of the same water sample. These Piper plots help to 

understand the major ion groundwater chemistry of different physiographic features in southern 

Ontario. 

 

2.3.2.2 Geospatial analysis 

The dataset was analyzed using geospatial analysis to find patterns, assess trends as well as to 

understand and describe the concentrations relative to locations, and determine relationships. 

Geospatial analysis can be used to combine information from many resources and derive new 

information by applying a set of spatial statistics. Geospatial data analytics usually rely on 

geographic coordinates. 

Geospatial analysis was performed in ArcGIS by integrating the AGG dataset (OGS MRD 283–

Revised, 2015) and the GIS data of the physiographic map of southern Ontario (OGS MRD 228, 

2007) for 5 selected geochemical constituents: arsenic (As), chloride (Cl), fluoride (F), 

manganese (Mn), and nitrate (NO3). These 5 constituents were selected based on significant 
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and/or interesting spatial pattern and their probable sources (Table 2.1), out of 15 initially 

selected constituents from the AGG dataset. 

Geospatial mapping of the constituents was performed to investigate the distribution of impacted 

wells for eight physiographic features. Three different sizes of circle - large, medium, small, 

depict three different level of contamination of the water wells - contaminated, within safe 

drinking water limit and non-detected, respectively in the geospatial maps (see section 2.4.2). 

Two types of charts were created to visualize the concentration and distribution data of each of 

the geochemical constituents. One graph represents the maximum, average and standard 

deviation of concentration of the constituents for each physiographic feature. Another graph 

displays the percent of wells based on above drinking water limit, within drinking water limit 

and detection limit, again for 8 different physiographic features.  

 

Chloride-Bromide (Cl/Br) mass ratio 

A graph comparing Cl/Br mass ratio vs Cl concentration was used to differentiate the natural and 

anthropogenic sources of chloride in water wells. Additionally, a Cl/Br mass ratio vs Total N 

concentration graph was used to distinguish between the possible anthropogenic sources of septic 

influence/agricultural waste versus road salt. Cl/Br ratio graphs were complemented by the 

geospatial maps of the overburden water wells that showed the distribution and spatial pattern of 

the impacted wells by natural and anthropogenic sources in southern Ontario. It should be noted 

that Cl, Br and Total N values below detection were assigned a value of one half the detection 

limit (U.S. EPA 1991; Colgrove and Hamilton 2018). The analytical method to determine Cl/Br 

ratio is dividing the concentration of chloride by the concentration of bromide (Cl/Br mass ratio). 

Cl/Br molar ratio can also be obtained by multiplying the mass ratio by 2.254. However, Cl/Br 

mass ratios have been used to create the graphs in this study. 
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2.3.2.3 Geographically Weighted Regression (GWR) analysis 

Regression analysis is typically carried out in order to model, explore, and analyze spatial 

relationships as well as to better understand the factors behind observed spatial patterns. 

Geographically Weighted Regression (GWR) is a statistical technique established to assess 

spatial relationships between dependent and independent/explanatory variables, which usually 

vary spatially within the study area (Fotheringham et al. 1998 and 2002). One of the main 

drawbacks of the traditional regression models, such as Ordinary Least Squares (OLS), is that 

these assume constant relationships among variables without considering their spatial 

dependency (Mohammadi et al. 2019). GWR is an outgrowth of the OLS regression model, 

adding a level of modeling sophistication by allowing spatially varying local relationships 

between the dependent and independent variables (Fotheringham et al. 1998; Páez and Wheeler 

2009; Mohammadi et al. 2019). 

Considering the global regression model given by Fotheringham et al. (1998 and 2002), 

𝑦i =  𝛽0 + ∑ 𝛽k 𝑥ik k
+  𝜀i        (Equation 1) 

where, yi is the dependent variable, β0 is the coefficient intercept, βk is the global regression 

coefficient for independent/explanatory variables xk at location i, and εi is the residuals or error 

term. 

GWR method extends this traditional linear regression equation by allowing local parameters to 

be measured so that the model equation is rewritten as (Fotheringham et al. 1998 and 2002), 

𝑦i =  𝛽0(𝑢i, 𝑣i)  +  ∑ 𝛽k(𝑢i, 𝑣i)𝑥ikk
 +  𝜀i      (Equation 2) 

where, yi is the dependent variable, (ui,vi) are the geographical coordinates for point i, β0(ui,vi) is 

the coefficient intercept, βk(ui,vi) is the local regression coefficient for independent/explanatory 

variables xk at location i, and εi is the residuals or error term. 

Weighted least squares method provides a basis for understanding how GWR operates. In GWR, 

an observation is weighted in accordance with its proximity to point i, thus the weighting of an 
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observation is no longer constant in the calibration but varies with i. Data from observations 

close to i are weighted more than data from observations farther away. So, the weighted least 

squares estimator takes the form (Fotheringham et al. 1998 and 2002; Charlton and 

Fotheringham 2009a): 

�̂�(𝑢i, 𝑣i) = (𝑿T𝑾(𝑢i, 𝑣i)𝑿)-1𝑿T𝑾(𝑢i, 𝑣i)𝑦     (Equation 3) 

where, the bold type denotes a matrix (like this matrix form x = A-1b); �̂� represents an estimate 

of β, i.e., if there are n data points and k explanatory variables, then the matrix β consists of n 

sets of local parameters and has the following structure (Fotheringham et al. 2002): 

β =  

[
 
 
 
 
𝛽0(𝑢1, 𝑣1) 𝛽1(𝑢1, 𝑣1) … 𝛽k(𝑢1, 𝑣1)

𝛽0(𝑢2, 𝑣2) 𝛽1(𝑢2, 𝑣2) … 𝛽k(𝑢2, 𝑣2)
. . . .
. . . .

𝛽0(𝑢n, 𝑣n) 𝛽1(𝑢n, 𝑣n) … 𝛽k(𝑢n, 𝑣n)]
 
 
 
 

     (Equation 4), 

and W(ui,vi) is a square matrix of weights relative to the position of (ui,vi) in the study area, X is 

the design matrix which contains the values of the explanatory variables, XTW(ui,vi)X is the 

geographically weighted variance-covariance matrix (the estimation requires its inverse to be 

obtained, see equation 3), and y is the vector of the values of the dependent variable.  

The W(ui,vi) matrix contains the geographical weights in its leading diagonal and 0 in its off-

diagonal elements (Fotheringham et al. 1998 and 2002; Charlton and Fotheringham 2009a) as 

follows: 

[
 
 
 
 
𝑾1(𝑢i, 𝑣i) 0 … 0

0 𝑾2(𝑢i, 𝑣i) … 0
. . . .
. . . .
0 0 … 𝑾n(𝑢i, 𝑣i)]

 
 
 
 

      (Equation 5) 

Hence, the weights in GWR vary according to the location of point i in the local estimations. 
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GWR is an appropriate method for large datasets with several hundred data points 

(Fotheringham et al. 1998 and 2002). Moreover, it is strongly recommended to use Projected 

Coordinate System (meter unit) rather than a Geographic Coordinate System (degree unit) 

(ESRI). Both above requirements are applicable for the AGG dataset. AGG data comprises 515 

overburden water well points and is converted into the Projected Coordinate System UTM 

(Universal Transverse Mercator) NAD83 (North American Datum 1983) from Geographic 

Coordinate System WGS84 (World Geodetic System 1984) in ArcGIS.  

The same five geochemical constituents investigated with the geospatial analysis, were analyzed 

using GWR. All the non-detect values were removed from the AGG dataset prior to performing 

GWR, since the detection limit for a given constituent represents the same value in a number of 

wells, which does not necessarily indicate the actual concentration. These non-detect values can 

significantly affect the statistical analysis result if they are present in a large number of wells. 

Ten (10) individual datasets of bored/dug wells and drilled wells were required for five 

constituents, as the number of non-detected wells was not the same for all. For example, Mn has 

111, As has 5 and F has only one well out of 224 bored/dug wells, where the concentration of the 

respective constituents were below detection limit. 

The data points for till formations are less since they only include till (texture) among all types of 

surficial deposits. Hence, another 10 individual datasets were prepared for till formation for five 

constituents in bored/dug and drilled wells separately. 

In the GWR analysis, the dependent variables were the concentration of As, F, Mn, Cl, NO3 and 

the factors, i.e., explanatory variables, assessed against concentration were as shown in Table 

2.4. 
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Table 2.4: Explanatory variables used in GWR models 

Geological 

variables 

Geochemical 

variables 

Associated chemical 

constituents 
Well depth 

Physiographic 

features 

Texture of surficial 

deposits 

Texture of till 

formation 

pH 

ORP  

DO 

As (arsenic) 

F (fluoride) 

Cd (cadmium) 

Fe (iron) 

Br (bromide) 

I (iodide) 

Na (sodium) 

Ca (calcium) 

LREE (light rare earth elements) 

HREE (heavy rare earth 

elements) 

 

 

Here, physiographic features, surficial deposits and till formations are categorical variables 

(Figure 2.3). Other explanatory variables including the concentration of constituents (dependent 

variable) are represented by a numeric field. 
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Figure 2.3: Categorical variables used in GWR models 

 

In GWR, the explanatory variables can be categorical, as long as the dependent variable is 

continuous, i.e., numeric. Based on the requirements of the model, these categorical variables 

were turned into dummy dichotomous variables (either 1 or 0) for predicting the relationships 

with the geochemical constituents. For instance, 8 physiographic features were represented as 8 

categories. When Till Moraines was assigned as 1, the other 7 physiographic features were 

assigned as 0. The same coding process was followed for other physiographic features as shown 

in Figure 2.4. Thereby, each dummy-coded column can be entered as individual explanatory 

variable to run the GWR model. However, there is some redundancy in this dummy coding 

process. When all physiographic features were required to be input together for getting the GWR 

result of combined physiographic feature, the number of dummy-coded variables needed was 

one less than the number of categories. Otherwise, GWR model would result with a severe 

model design error. It is arbitrary which dummy-coded variable not to include since it gives the 

same output. 



 

 

32 

 

 

Figure 2.4: Example of dummy coding assigned for physiographic features as categorical 

variables 

 

A GWR model was performed for all physiographic features together as well as each 

physiographic feature for five constituents – As, F, Mn, Cl, NO3. Then the other factors were 

added with physiographic features one by one and the GWR model was run to see whether and 

how these factors with physiographic features influence the prediction of geochemical 

constituents in the groundwater system. Geological attributes and well depth were examined for 

all five constituents (Figure 2.5). 
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Figure 2.5: List of factors used for each geochemical constituent in GWR models 

The GWR model produces summary reports consisting of diagnostic values of neighbors, 

residual squares, effective number, sigma, AICc, R2, R2Adjusted (Figure 2.6). The name of this 

table is automatically generated using the output feature class file name with _supp suffix 

(Figure 2.6). In the result table, R2 is a measure of goodness of fit that varies from 0.0 to 1.0. The 

denominator for the R2 computation is the sum of squared dependent variable values. Adding an 

extra explanatory variable to the model does not alter the denominator but alters the numerator; 

this provides the impression of improvement in model fit that may not be real. Because of this 

issue of R2 value, calculations for the Adjusted R2 value normalize the numerator and 

denominator by their degrees of freedom. Consequently, the Adjusted R2 value is almost always 

smaller than the R2 value and provides a more accurate measure of model performance (ESRI; 

Oden et al. 2009; Charlton and Fotheringham 2009b; Saunders et al. 2012). Hence, the 

regression result of each GWR model, i.e., how well the model's predicted values explain the 

variation in the observed dependent variable values, was evaluated by referring to the Adjusted 

R2 value in this study. 
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It should be noted that there are no set criteria as to what universally represents a ‘good’ adjusted 

R2 value, because the precision of the statistic may vary depending on sample size and what 

features are being modelled (Saunders et al. 2012; Rosenshein, ESRI tutorial 2012). Therefore, 

the adjusted R2 statistic is limited in its usefulness without a sense of comparison (Saunders et al. 

2012). Moreover, to get a coherent story, adjusted R2 value should be considered in combination 

with spatial pattern of residual, other analyses, and in-depth knowledge of the study area. 

 

Figure 2.6: Example of a GWR result table 

Additionally, GWR model generates a statistical result table (output feature class) for each 

individual well, which includes observed and predicted y values, condition number, Local R2, 

explanatory variable coefficients (provides the strength and the sign of that variable's 

relationship to the dependent variable for each data point), standard residuals and standard errors 

(Figure 2.7). 

 

There are two issues that can arise when using the GWR method in ArcGIS: multicollinearity 

and missing a relevant explanatory variable that can best explain the dependent variable. 

When nominal or categorical data is included in a GWR model as dummy variables, and 

categories cluster spatially, there is strong risk of encountering local multicollinearity issues, 

which may indicate a state of very high intercorrelations among the independent variables and 
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represent unreliable results (Statistics solutions). In this investigation, since eight physiographic 

features are randomly distributed in the study area, the GWR models did not confront local 

multicollinearity problem, which was ensured by the condition numbers from GWR model 

results. Condition numbers are often used as a diagnostic of multicollinearity in linear regression 

(Belsley et al. 1980). It is one of the output feature classes in the GWR model result (Figure 2.7). 

Condition number measures how sensitive a linear equation solution is to small changes in 

matrix coefficients (see above Equation 3; ESRI), i.e., assuming Ax = b is a matrix linear 

equation (where, A is a matrix and x, b are vectors), the condition number is being very roughly 

the rate at which the solution ‘x’ will change with respect to a change in ‘b’ (Belsley et al. 1980). 

GWR results associated with condition numbers, either larger than 30 or equal to null, are not 

reliable. Therefore, condition number was checked from output feature class for all GWR 

outputs to ensure the numbers are in a good range, i.e., 0 < condition number < 30 (Figure 2.7 

shows one example). 

 

Figure 2.7: Example of a GWR output feature class 
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A regression model could be misspecified if it is missing a key explanatory variable. Statistically 

significant clustering of high and/or low GWR residuals (model under- and overpredictions) 

(Figure 2.8b) indicates that the GWR model is misspecified. Spatial Autocorrelation (Moran’s I) 

tool, another spatial statistics tool under ‘Analyzing Pattern’ in ArcGIS, was performed using the 

GWR residuals (the portion of the dependent variable that was not explained by the model; the 

model under and over predictions) to ensure they are spatially random (statistically not 

significant based on the computation of z-score and p-value) (Figure 2.8a), i.e., over- and 

underprediction residuals are randomly distributed for a properly specified regression model 

(Leung et al. 2000; Rosenshein, ESRI tutorial 2012; Meik and Lawing 2017). This tool measures 

spatial autocorrelation depending on both locations and values of any feature in the dataset 

concurrently (ESRI). GWR models that resulted in randomly distributed GWR residuals were 

analyzed for final interpretation. 

 

Figure 2.8: Examples of output of spatial autocorrelation (Moran’s I) test using GWR residuals, 

showing (a) statistically not significant spatial randomness, (b) statistically significant clustered 

pattern 
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2.4 Results 

2.4.1 Piper plots results 

The plots of major ions from the AGG dataset on a Piper diagram showed that most of the water 

samples from bored/dug wells in all physiography are dominated by Ca-Mg-HCO3 type 

groundwater (Figure 2.9). The main source of shallow Ca-Mg-HCO3 groundwater is overburden 

surficial deposits that contain calcite (CaCO3) and/or dolomite (CaMg(CO3)2) from the carbonate 

bedrock from which the sediments were derived. Moreover, the biological activity near surface 

produces more CO2 within the soil and overburden sediments. While water percolates through 

the CO2 enriched shallow sediments, the dissolution of calcite (CaCO3) occurs quite readily and 

releases Ca2+ and HCO3
- into groundwater (Allen and Suchy 2001; Earle 2006). Few wells have 

Ca-Mg-SO4-Cl and Na-HCO3 type water. SO4
2– as a major anion can be found in groundwater by 

dissolution of gypsum (CaSO4·2H2O) and anhydrite (CaSO4) particularly in sedimentary 

environments (Dakin et al. 1983), and by oxidation of pyrite (FeS2) that is commonly derived 

from granite clasts (Allen and Suchy 2001). The very few occurrences of Cl- anion and Na+ 

cation in shallow groundwater are probably from formational brine and due to ion exchange 

reaction in clay particles respectively (Allen and Suchy 2001; Earle and Krogh 2004). Typically, 

the regions that are dominated by subsurface carbonate rocks have relatively high calcium and 

bicarbonate contents in their groundwater (Allen and Suchy 2001; Earle 2006). 
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Figure 2.9: Piper plots showing groundwater types based on major ions in AGG bored/dug wells 

on eight physiographic features of southern Ontario 

Although drilled wells are also mostly clustered near the left corner of the central diamond, 

which suggests the groundwater from these wells are rich in Ca-Mg-HCO3, some drilled wells 

have major cations Na+ & K+ and major anions Cl- & SO4
2- (Figure 2.10). Therefore, water 

samples from drilled wells in different physiographic features are distributed in all parts of the 

Piper diamond diagram. In particular, drilled wells in Clay Plains contain all types of 

groundwater (see Appendix Fig. B1). The external and interlayer surfaces of clay particles are 

usually negatively charged and are particularly effective at adsorbing cations. Ca2+ are much 

more likely to be adsorbed onto surfaces of clay minerals than Na+ (Earle and Krogh 2004; 

Hamilton et al. 2015). Though the ion exchange reactions in clay minerals are quite complex, 

this may be the reason for Na rich groundwater in Clay Plains.  
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Figure 2.10: Piper plots showing groundwater types based on major ions in AGG drilled wells on 

eight physiographic features of southern Ontario 

 

Another Piper diagram only with the drilled wells from all physiographic features that have high 

fluoride (F-) concentration were plotted (Figure 2.11). The drilled wells with high F are 

distributed mostly on the bottom and right diamond, which indicates these water wells possess 

Na-HCO3 and Na-Cl-SO4 rich groundwater. Moreover, no drilled well with high F has Ca type 

groundwater. This is consistent with studies that have shown that high F groundwater is 

generally associated with low calcium levels at high pH condition (Earle 2006; Frencken et al. 

1992; IGRAC 2004). 
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Figure 2.11: Piper plots showing groundwater types based on major ions in AGG drilled wells 

that have high fluoride concentration 

 

2.4.2 Geospatial analysis results 

Geospatial maps and associated charts helped to visualize the distribution pattern of water wells 

and to locate impacted wells (big circles in maps) to explore the reason of contamination. The 

findings of geospatial analysis related to arsenic, fluoride, manganese, chloride, and nitrate in 

groundwater of southern Ontario are portrayed below. 

2.4.2.1 Arsenic 

The highest average arsenic (As) concentrations are 4.1 μg/L with standard deviation of 5.5 μg/L 

in bored/dug wells of Bevelled Till Plains and 4.1 μg/L with standard deviation of 4.6 μg/L in 

drilled wells of Undrumlinized Till Plains (Figure 2.12). Maximum As concentrations that 
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exceed the MAC (maximum acceptable concentration) limit (10 μg/L) in bored/dug wells are 

from Bevelled Till Plains (17.6 μg/L), Clay Plains (17.5 μg/L) and Undrumlinized Till Plains 

(11.6 μg/L). Except for Bevelled Till Plains, both maximum and average concentrations of As 

are relatively higher in drilled wells of 7 physiographic features than bored/dug wells. Among 

drilled wells, highest maximum As concentration crossing MAC limit is found in Drumlinized 

Till Plains (21.2 μg/L). In terms of both maximum and average As concentration, Spillways 

show lower values in both types of wells compared to other physiographic features (Figure 2.12). 

 

Figure 2.12: Maximum, average and standard deviation of arsenic concentration in bored/dug 

and drilled wells on eight physiographic features of southern Ontario 

 

Bevelled Till Plains have 14% bored/dug wells and Undrumlinized Till Plains have 12% drilled 

wells with As above the MAC limit (see Appendix Fig. B2). Although 14% of bored/dug wells 

are contaminated, 100% drilled wells are As-free in Bevelled Till Plains, suggesting well 

construction may play a significant role in determining water quality in this physiographic 

feature. On the contrary, bored/dug wells from Till Moraines have more As concentrations below 

detection compared to its drilled wells. In Clay Plains, elevated As level is found in 3% of 

bored/dug wells and 8% of drilled wells. Moreover, 3% of contaminated drilled wells are from 

both Drumlinized Till Plains and Drumlins and Kame Moraines (Appendix Fig. B2). 
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Geospatial maps of As distribution in water wells of southern Ontario show that the As 

contamination in drilled wells is mostly clustered in the south-western portion of the Province 

following the Paleozoic Devonian rocks boundary and in the Niagara Peninsula area following 

older strata of Silurian and Ordovician age (Figure 2.13). This is consistent with the distribution 

of naturally occurring As-containing bedrock (Silurian Eramosa Member in Lockport Formation 

and Bass Islands Formation, Devonian Amherstburg and Dundee formations (Armstrong and 

Dodge 2007; Brunton et al. 2007; Colgrove and Hamilton 2018)).  

 

Figure 2.13: Elevated arsenic distribution in overburden drilled wells along with OGS Paleozoic 

geology boundaries in southern Ontario where naturally occurring arsenic source is known to be 

found. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015), physiographic 

data (2007) and Paleozoic Geology data (2007) for S-ON. 
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In terms of physiography, Till Moraines, Undrumlinized Till Plains, Drumlinized Till Plains and 

Drumlins in southwestern Ontario and Clay Plains and Kame Moraines in Niagara Peninsula are 

the physiographic features that have drilled wells with elevated As concentrations (Figure 2.13). 

In contrast, only five sparsely distributed bored/dug wells from agricultural lands, three of which 

are from Bevelled Till Plains, have shown high As levels in shallow groundwater, possibly 

contaminated by anthropogenic sources (see Appendix Fig. B3). 

Observations from geospatial analysis suggest that elevated As is more likely to occur in drilled 

rather than bored/dug wells. In terms of drilled wells, high As is more likely connected to 

underlying specific Paleozoic bedrock formations boundary of southern Ontario regardless of 

physiographic features, which perhaps indicates natural sources. In terms of bored/dug wells, 

Bevelled Till Plains seem to be more vulnerable than other physiographic features, posting the 

top average concentrations and 14% contaminated wells. 

 

2.4.2.2 Fluoride 

The highest average fluoride (F) concentrations are 0.5 mg/L with standard deviation of 0.5 and 

0.6 mg/L in bored/dug wells of Undrumlinized Till Plains and Bevelled Till Plains respectively. 

The highest average fluoride (F) concentrations in drilled wells of Undrumlinized Till Plains and 

Clay Plains are 0.9 mg/L with standard deviation of 0.54 and 0.73 mg/L respectively (Figure 

2.14). Maximum F concentrations that exceed the MAC limit (1.5 mg/L) in bored/dug wells are 

from Bevelled Till Plains (2.44 mg/L), Sand Plains (1.53 mg/L) and Undrumlinized Till Plains 

(1.5 mg/L). Except for Kame Moraines, maximum concentrations of F in drilled well cross the 

MAC limit in all other physiographic features. Among drilled wells, the highest maximum F 

concentration exceeding MAC is found in Clay Plains (2.8 mg/L) (Figure 2.14). 
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Figure 2.14: Maximum, average and standard deviation of fluoride concentration in bored/dug 

and drilled wells on eight physiographic features of southern Ontario 

 

Bored/dug wells in 6 physiographic features show F concentrations within MAC limit, only 

Bevelled Till Plains (10%) and Sand Plains (3%) have high F containing bored/dug wells 

(Appendix Fig. B4). On the contrary, except for Kame Moraines and Drumlinized Till Plains and 

Drumlins, the other physiographic features have 5%-25% of F contaminated drilled wells. 

Among them, significant percent of above MAC limit drilled wells are from Bevelled Till Plains 

(25%), Clay Plains (19%) and Sand Plains (15%). Thus, Bevelled Till Plains indicates relatively 

greater percent of F contaminated wells in both bored/dug (10%) and drilled (25%) wells than 

other physiographic features. Moreover, although Clay and Sand Plains reveals more F 

contamination in drilled wells, their bored/dug wells were comparatively free from fluoride 

(Appendix Fig. B4). 

Geospatial map of F distribution demonstrated that drilled wells with high F are mostly located 

in southwestern Ontario regardless of physiography and follows certain Paleozoic bedrock 

boundaries, dominantly where the Devonian aged rocks host the groundwater aquifer (Figure 

2.15). There is also a small cluster of elevated F near Sauble Beach, which is in drilled wells 

completed in overburden sediment over subcropping Lower Devonian bedrock unit. In addition, 

there are two single high F drilled wells over the Guelph Formation, one is in Sand Plains of the 
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Niagara Peninsula and another is in Spillways near Owen Sound (Figure 2.15). In contrast, only 

three F contaminated bored/dug wells are found and Bevelled Till Plains comprise two of them 

(Appendix Fig. B5), which are dug wells in agricultural lands. Another bored well is also on an 

agricultural field in Sand Plains in southwestern Ontario (Appendix Fig. B5). 

 

Figure 2.15: Elevated fluoride distribution in overburden drilled wells along with OGS Paleozoic 

geology boundaries in southern Ontario suggesting naturally occurring fluoride. Map created 

using ESRI ArcMap 10.7 with the OGS AGG dataset (2015), physiographic data (2007) and 

Paleozoic Geology data (2007) for S-ON. 

 

Geospatial maps and charts showed that drilled wells have higher F concentrations than 

bored/dug wells in southern Ontario. Both maximum and average F concentrations are higher in 
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the groundwater of drilled wells. Figure 2.15 shows the possible association of elevated F to 

particular aged bedrock formations rather than physiographic features, which likely indicates 

natural sources. In addition, less frequent and sparsely distributed high F occurrence in 

bored/dug wells may point toward anthropogenic sources, such as, fertilizer application on 

agricultural lands. 

 

2.4.2.3 Manganese 

The safe drinking water limit according to the aesthetic objective (AO) standard for manganese 

(Mn) was 50 μg/L in Canada until 2019. Health Canada has recently changed the AO standard 

for total Mn in drinking water to 20 μg/L. Moreover, the MAC standard has been set to 120 μg/L 

to protect the infants age group, as some studies have suggested a risk of neurological effects in 

children due to exposure to elevated Mn in drinking water (Bouchard et al., 2011; Khan et al., 

2011; Roels et al., 2012; Oulhote et al., 2014). Therefore, two set of maps and graphs have been 

generated to analyze both standards for total Mn in groundwater of southern Ontario. 

Elevated Mn is found in most physiographic features across the study area. Some of the water 

wells have very high value of Mn compared to the safe drinking water limit for both standards 

(Figure 2.16). The highest average Mn concentrations are 90.1 μg/L with standard deviation of 

150.6 μg/L in bored/dug wells of Bevelled Till Plains and 49.8 μg/L with standard deviation of 

121.8 μg/L in drilled wells of Spillways. Bored/dug wells in most of the physiographic features, 

except Kame Moraines, show relatively higher maximum concentrations crossing both standards. 

Among them, Sand Plains has the highest Mn (712.3 μg/L) impacted dug well. Moreover, 

Bevelled Till Plains (471 μg/L), Drumlinized Till Plains and Drumlins (396.9 μg/L), Till 

Moraines (368.7 μg/L) and Clay Plains (325 μg/L) also have maximum Mn concentrations in 

bored/dug wells that exceeds the MAC limit. On the other hand, all bored/dug wells in Kame 

Moraines have non-detectable Mn. Drilled wells in Spillways show highest maximum (556 

μg/L) Mn concentrations compared to its bored/dug wells as well as compared to the drilled 

wells of the other 7 physiographic features. Other maximum Mn concentrations in drilled wells 

that cross the MAC limit are found in Drumlinized Till Plains and Drumlins (305.1 μg/L), 
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Bevelled Till Plains (268 μg/L), Clay Plains (187 μg/L) and Sand Plains (156 μg/L) (Figure 

2.16). 

 

Figure 2.16: Maximum, average and standard deviation of manganese concentration in 

bored/dug and drilled wells on eight physiographic features of southern Ontario 

 

When the drinking water standard for Mn is considered as AO, the percentage of Mn 

contaminated bored/dug (11%-57%) and drilled (20%-54%) wells are quite significant for almost 

all physiographic features (Figure 2.17; Appendix Fig. B6). In contrast, the percentage of 

bored/dug (0%-19%) and drilled (0%-8%) wells with Mn concentrations above the MAC limit 

are considerably lower than those above the AO standard for all the physiographic features 

(Figure 2.17; Appendix Fig. B6). It is remarkable that all bored/dug wells in Kame Moraines 

have Mn concentrations below detection limits. In contrast, Mn impacted bored/dug wells of 

Bevelled Till Plains are 57% and 19% according to AO and MAC limit respectively, and both 

these percentage are the highest among all physiographic features for bored/dug wells (Figure 

2.17). 
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Figure 2.17: Percent of bored/dug wells for manganese based on detection limit and both AO and 

MAC standard for drinking water per eight physiographic features in southern Ontario 

 

The highest percent (54%) of Mn contaminated drilled wells above AO standard is found in 

Undrumlinized Till Plains, but none of these wells (0%) has Mn above MAC limit (Appendix 

Fig. B6). Moreover, Bevelled Till Plains has the highest percent (8%) of Mn impacted drilled 

wells based on MAC standard, while it presents 42% drilled wells having Mn above AO 

(Appendix Fig. B6). 

It should be noted that all physiographic features for bored/dug wells and some physiographic 

features for drilled wells have significant percentage of wells that either has Mn below detection 

limit or does not have any Mn in groundwater (Figure 2.17; Appendix Fig. B6). 
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According to both standards of Mn in drinking water, it has been observed from geospatial maps 

that the high Mn water wells are broadly distributed throughout the study area with some local 

clustering regardless of physiography and types of well construction (See Figure 2.18; Appendix 

Fig. B7). Nevertheless, bored/dug wells in Bevelled Till Plains appears as relatively vulnerable 

to elevated manganese in their groundwater (Figure 2.17; Appendix Fig. B7). 
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Figure 2.18: Manganese distribution in overburden drilled wells on eight different physiographic 

features of southern Ontario, according to both (a) AO (Aesthetic Objective) and (b) MAC 

(Maximum Acceptable Concentration) drinking water standard. Map created using ESRI 

ArcMap 10.7 with the OGS AGG dataset (2015) and physiographic data (2007) for S-ON. 
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2.4.2.4 Chloride 

The Ontario drinking water standard for chloride (Cl) is an aesthetic objective (AO) of 250 mg/L 

to minimize impact on taste. The highest average chloride (Cl) concentrations are 91.5 mg/L 

with standard deviation of 185.9 mg/L in bored/dug wells of Sand Plains and 190 mg/L with 

standard deviation of 282.8 mg/L in drilled wells of Clay Plains (Figure 2.19). Maximum Cl 

concentrations that exceed AO limit in bored/dug wells are from Sand Plains (1043.4 mg/L), Till 

Moraines (782.6 mg/L), Clay Plains (564.3 mg/L), Drumlinized Till Plains and Drumlins (420.9 

mg/L) and Bevelled Till Plains (263.2 mg/L). In contrast, drilled wells of Clay Plains came up 

with the highest maximum (1189.7 mg/L) Cl concentration that crosses the AO limit among the 

wells of all physiographic features. Other maximum Cl concentrations in drilled wells exceeding 

the AO limit are found in Sand Plains (600.3 mg/L) and Drumlinized Till Plains and Drumlins 

(422.5 mg/L). However, both types of wells in Spillways, Kame Moraines and Undrumlinized 

Till Plains have Cl concentrations below AO standard (Figure 2.19). 

 

Figure 2.19: Maximum, average and standard deviation of chloride concentration in bored/dug 

and drilled wells on eight physiographic features of southern Ontario 

 

Clay Plains has the highest number (19%) of drilled wells that have elevated Cl in groundwater 

exceeding AO limit (see Appendix Fig. B8). Only 4% and 3% of contaminated drilled wells are 

from Drumlinized Till Plains and Drumlins and Sand Plains, respectively. Drilled wells from the 
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rest of the physiographic features have concentrations lower than the AO for Cl in groundwater. 

While some physiographic features have very high Cl concentrations in bored/dug wells, no 

more than 8% of the total number of wells in any of the physiographic feature has concentrations 

higher than the AO, with Sand Plains (8%), Till Moraines (7%) and Drumlinized Till Plains and 

Drumlins (6%) being the most impacted. Moreover, it should be noted that Spillways, Kame 

Moraines and Undrumlinized Till Plains have both 100% bored/dug and drilled wells that 

contain Cl in groundwater below the AO (Appendix Fig. B8).  

Considerable amount of dissolved Cl can be present in groundwater naturally from geological 

formations, e.g., the Silurian Salina Formation (Smal 2017). Apart from this, randomly 

distributed high Cl concentrated groundwater, found in both bored/dug and drilled wells, can 

also come from surficial anthropogenic sources, most likely from road salt and septic systems. 

The sources of Cl found in water wells can be determined by calculating and generating graph of 

Cl concentration vs Cl/Br mass ratio of water samples (Figure 2.20). 
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Figure 2.20: Cl concentration vs Cl/Br mass ratio plot (modified from Katz et al. 2011) 

distinguishing different sources of Cl in groundwater from overburden (a) bored/dug wells and 

(b) drilled wells in southern Ontario. Binary mixing lines – orange, blue, brown, and purple are 

shown from Katz et al. 2011. The yellow ‘Brine’ line was created by averaging the Cl/Br ratios 

of four water samples listed in the Oil and Gas Well geochemical database in Niagara Peninsula 

(Skuce et al. 2014; Smal 2017). Low Cl concentrations (<10 mg/L) along the Dilute 
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Groundwater circle-yellow brine line can be attributed to recent recharge of local precipitation 

(Smal 2017). 

The blue squares in both bored/dug and drilled well graphs that follow the yellow brine line are 

possibly from formational brine (Figure 2.20 (a,b)). The yellow triangles that fall above the 

orange Dilute Groundwater–Halite mixing line and contain high Cl/Br ratio and high Cl 

concentration are indicating probable road salt sources, which are more common in bored/dug 

wells (Figure 2.20 (a)). The brown line (Septic-Halite) represents the theoretical mixing trend 

between dilute groundwater and septic waste (Katz et al. 2011). The yellow triangles that locate 

in an area between the brown and purple line, overlapping with the range for septic waste and 

seawater, may contain Cl from softener systems discharged into septic effluent or from animal 

waste, which are mostly found in groundwater of drilled wells (Figure 2.20 (b)). One blue square 

sample from drilled wells follows exactly the blue seawater line in the graph shown in Figure 

2.20 (b), but it is possibly coming from recent recharge from anthropogenic sources rather than 

seawater, because the purple (Septic-Seawater) line is very close to this sample point, as well as 

the ancient environment of this study region does not support seawater influences (Smal 2017).  

The Cl/Br mass ratio vs Total Nitrogen graph also provides a further means of distinguishing 

water samples affected by animal waste and septic effluents (yellow diamonds) from the samples 

affected by road salt (blue triangles) (Figure 2.21; Panno et al. 2006). It is observed from the 

graph and associated map, road salt is found in relatively greater numbers of bored/dug wells 

compared to drilled wells (Figure 2.21; Appendix Fig. B9), consistent with Cl vs Cl/Br mass 

ratio graph (Figure 2.20). Groundwater contamination caused by septic effluent appeared more 

or less equal in both types of wells, although some of the wells may have influence of fertilizer 

applications in agricultural lands (Figure 2.21; Appendix Fig. B9). 
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Figure 2.21: Total N concentration vs Cl/Br mass ratio plot (modified from Panno et al. 2006) 

distinguishing possible septic vs road salt source in overburden (a) bored/dug wells and (b) 

drilled wells in southern Ontario. Yellow diamonds indicate samples having Total N 

concentration (NO3+TKN) above drinking water limit 10 mg/L and Cl/Br ratio >400, and blue 

triangles indicate samples with high Cl/Br ratio >6000 with Total N below 10 mg/L. The small 

green dots are the samples having Total N below 10 mg/L and low Cl/Br ratio. 
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Figure 2.22: Chloride distribution in overburden bored/dug and drilled wells highlighting the 

anthropogenic sources; the natural contributor of chloride (big circles without yellow triangle) is 

most likely the underlying Devonian, Silurian and Ordovician bedrock formations (Colgrove and 

Hamilton 2018). Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015), 

Paleozoic Geology data (2007) and observation from Cl vs Cl/Br mass ratio graph obtained from 

the OGS AGG dataset for S-ON. 

 

Clay Plains in Niagara Peninsula displays a distinct cluster of elevated Cl in drilled wells in 

geospatial map (Figure 2.23). The source of elevated Cl of these drilled wells is possibly natural 

from the sediments derived from the underlying Silurian Salina rocks (Figure 2.22). The other 

high Cl points from drilled wells are located on Clay and Sand Plains of southwestern Ontario 

(Figure 2.23) originating from both natural and human-induced sources (Figure 2.22), and 
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Drumlinized Till Plains and Drumlins of southcentral Ontario (Figure 2.23) indicating only 

anthropogenic sources (Figure 2.22). Although the elevated Cl in bored/dug wells seems 

randomly distributed and released mostly from the anthropogenic sources (Figure 2.22), still 

Sand and Clay Plains, Till Moraines and Drumlinized Till Plains, with dominance of permeable 

sandy-silty till deposits (OGS surficial geology map of southern Ontario 2010), are noticeable 

among other physiographic features in the southwestern and southcentral part of the region as 

having higher Cl concentrations (Appendix Fig. B10). Moreover, naturally elevated Cl in three 

bored/dug wells and two drilled wells, outside of the Niagara Peninsula, appear to follow the 

Devonian and Ordovician bedrock formations boundary (Figure 2.22). 

 

Figure 2.23: Chloride distribution in overburden drilled wells on eight physiographic features in 

southern Ontario. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and 

physiographic data (2007) for S-ON. 
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Observations from geospatial maps and charts suggest that because of having high maximum and 

average Cl concentration above AO, drilled wells of Clay Plains could be considered as more 

vulnerable to Cl contamination in southern Ontario (Figure 2.19 and 2.23; Appendix Fig. B8). 

 

2.4.2.5 Nitrate  

The highest average nitrate (NO3) concentrations are 6 mg/L as N with standard deviation of 8.8 

mg/L as N in bored/dug wells of Bevelled Till Plains and 2.3 mg/L as N with standard deviation 

of 4.5 mg/L as N in drilled wells of Drumlinized Till Plains and Drumlins (Figure 2.24). 

Maximum NO3 concentrations, that exceed the MAC limit (10 mg/L as N), are found in 

bored/dug wells of almost all physiographic features, except Kame Moraines (9.81 mg/L as N), 

which is also very close to the limit. Among them, bored/dug wells of Bevelled Till Plains shows 

the highest maximum NO3 (35.2 mg/L as N) that crosses the MAC limit among the wells in all 

physiographic features. On the other hand, maximum NO3 concentrations crossing the MAC 

limit are found in drilled wells of Drumlinized Till Plains and Drumlins (18.3 mg/L as N), Till 

Moraines (13.8 mg/L as N) and Sand Plains (11.1 mg/L as N). Drilled wells of other 

physiographic features presents better scenario in terms of NO3 contamination in groundwater. 

Particularly, both maximum and average NO3 concentration are significantly lower in drilled 

wells of Clay Plains, Bevelled Till Plains and Undrumlinized Till Plains (Figure 2.24). 
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Figure 2.24: Maximum, average and standard deviation of nitrate concentration in bored/dug and 

drilled wells on eight physiographic features of southern Ontario 

 

Bevelled Till Plains are revealed as the most significant physiography with 29% of NO3 

contaminated bored/dug wells (see Appendix Fig. B14). Other six physiographic features have 

3% to 13% impacted bored/dug wells in terms of elevated NO3 in their water samples. Only 

Kame Moraines have no impacted water wells, both bored/dug and drilled, by NO3. In contrast, a 

large portion of drilled wells have non-detected NO3 in all physiographic features. It is 

remarkable that Clay Plains, Bevelled Till Plains and Undrumlinized Till Plains have 92% of 

drilled wells that have either NO3 below detection limit or no NO3 in their groundwater. Other 

physiographic features have also noticeable percent of drilled wells (43%-71%) with non-

detectable NO3 compared to the other geochemical constituents. However, Drumlinized Till 

Plains and Drumlins (8%), Till Moraines (6%) and Sand Plains (3%) have some percent of NO3 

contaminated drilled wells (Appendix Fig. B14).  

The broadly distributed pattern of NO3 contaminated bored/dug wells (Appendix Fig. B15) 

indicates non-point anthropogenic sources, likely fertilizer applications in agricultural lands, 

manure, and septic effluents. Bevelled Till Plains has the highest number of bored/dug wells that 

are contaminated by NO3 in groundwater (Appendix Fig. B15). In contrast, there are clusters of 
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elevated nitrate-impacted drilled wells in Drumlinized Till Plains near Barrie area and Till 

Moraines and Sand Plains of the Norfolk area (Figure 2.25), which are mostly on agricultural 

lands. Other two sparsely distributed drilled wells having high NO3 are both on Drumlinized Till 

Plains; one is on agricultural land near Guelph, another is on a rural non-agricultural property 

near Peterborough (Figure 2.25). In this latter case, the NO3 source could be from septic waste. 

 

Figure 2.25: Nitrate distribution in overburden drilled wells on eight physiographic features in 

southern Ontario. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and 

physiographic data (2007) for S-ON. 
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Although elevated NO3 is found in bored/dug wells of almost all physiographic features in 

southern Ontario, Bevelled Till Plains seemed to have a higher concentration of wells impacted 

by NO3 contamination. Moreover, drilled wells of Drumlinized Till Plains could be considered 

as vulnerable to high NO3 concentration in southern Ontario. In contrast, non-detected NO3 is 

observed in significant percent of drilled wells, particularly in Undrumlinized Till Plains, 

Bevelled Till Plains and Clay Plains when these physiographic features are associated with silty-

clayey fine-grained surficial deposits (OGS surficial geology map of southern Ontario 2010). 

 

2.4.3 Geographically Weighted Regression (GWR) analysis results 

Geographically Weighted Regression (GWR) analysis was performed for the same five 

geochemical constituents with physiography and some other potential variables to investigate 

what factors are most important in influencing groundwater quality and the distribution of wells 

impacted by these geochemical constituents (Table 2.5) as well as with individual physiography 

(Table 2.6). GWR model results were evaluated by Adjusted R2 values, which are presented as 

percentage in the result tables (Table 2.5 and 2.6). Then the GWR residuals were used to verify 

the model performance by using spatial autocorrelation (Moran's I) tool; the random pattern (R) 

of high and/or low GWR residuals indicates properly specified GWR model, whereas the 

clustered pattern (C) of high and/or low GWR residuals suggests a key explanatory variable is 

still missing in the model to explain the dependent variable (Table 2.5 and 2.6). 

The findings of GWR analysis related to arsenic, fluoride, manganese, chloride, and nitrate in 

groundwater of southern Ontario are described below. 
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Table 2.5: GWR results showing Adjusted R2 value (%) & residual pattern (random or clustered) generated by using spatial 

autocorrelation (Moran's I) tool for physiographic features and other factors 

 Bored/Dug wells Drilled wells 

Factors 
As 

(219)1 

F 

(223)1 

Mn 

(113)1 

Cl 

(223)1 

NO3 

(198)1 

As 

(286)1 

F 

(290)1 

Mn 

(225)1 

Cl 

(291)1 

NO3 

(119)1 

G
eo

lo
g
ic

a
l Physio 14.8 / R 24.5 / C -2.2 / R -0.83 / R 6.0 / C 18.1 / C 49.0 / C 1.3 / R 19.3 / C 9.5 / C 

Physio - Surficial 16.5 / R 22.6 / C -4.2 / R -1.2 / R 11.6 / C 20.8 / C 54.0 / C 4.5 / R 19.6 / C 11.3 / C 

Physio - Till Fm 20.2 / R 16.2 / C -7.7 / C 20.2 / R -4.3 / C 19.2 / R 58.7 / R -3.3 / R -0.67 / R 21.9 / R2 

G
eo

ch
em

ic
a
l 

Physio - ORP 18.9 / R     21.5 / C     

Physio – pH, ORP   5.7 / C     2.7 / R   

Physio – DO, ORP     7.7 / C     24.7 / C 

C
h

em
ic

a
l 

Physio - F 39.6 / R     21.7 / C     

Physio – As, Cd  58.3 / C     59.4 / C    

Physio - Fe   15.9 / C     4.1 / R   

Physio – Br, I    48.9 / R     63.0 / C  

Physio – Na, Ca    84.4 / R     93.2 / R  

Physio – LREE, HREE     5.3 / C     10.9 / C 

 Physio - Well depth 14.2 / R 26.1 / C -0.48 / R 1.5 / R 9.5 / C 18.7 / C 54.3 / C 1.3 / R 19.1 / C 8.9 / C 

1Number of wells are given with each geochemical constituent after removing non-detects. 2After excluding the Bevelled Till Plains that caused the model design 

error. Note: Bold numbers with ‘R’ (random pattern) indicate properly specified GWR models whereas other cells with ‘C’ (clustered pattern) suggest a 

key variable is still missing to explain the spatial distribution of the geochemical constituents. For the empty cells, GWR models were not performed. 
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Table 2.6: GWR results showing Adjusted R2 value (%) & residual pattern (random or clustered) generated by using spatial 

autocorrelation (Moran's I) tool for individual eight physiographic feature 

 Bored/Dug wells Drilled wells 

Physiography 
As 

(219)1 

F 

(223)1 

Mn 

(113)1 

Cl 

(223)1 

NO3 

(198)1 

As 

(286)1 

F 

(290)1 

Mn 

(225)1 

Cl 

(291)1 

NO3 

(119)1 

Till Moraines 5.3 / R 28.1 / R -0.57 / C 7.3 / R 18.5 / C 10.9 / C 45.6 / C 4.6 / R 16.2 / C 16.9 / C 

Spillways 6.0 / R 26.2 / R 0.08 / C 1.7 / R 4.8 / C 11.7 / C 46.7 / C 7.0 / R 13.9 / C 18.1 / C 

Kame Moraines 5.5 / R 22.5 / C 
all non-

detects 
1.6 / R 3.7 / C 9.0 / C 45.0 / C 4.8 / R 15.4 / C 14.2 / C 

Undrumlinized Till 

Plains 
5.1 / R 23.0 / C 0.6 / C 1.8 / R 3.5 / C 10.3 / C 41.7 / C 4.2 / R 10.7 / C 8.5 / C 

Drumlinized Till 

Plains and Drumlins 
5.4 / R 25.9 / R 1.3 / C 1.1 / R 3.3 / C 18.0 / C 47.4 / C 4.8 / R 14.9 / C 27.5 / R 

Bevelled Till Plains 23.6 / R 27.8 / C 3.5 / R 1.4 / R 8.1 / C 9.5 / C 42.6 / C 4.1 / R 11.6 / C -0.34 / C 

Sand Plains 5.6 / R 24.2 / R 0.25 / C 2.3 / R 3.1 / C 13.4 / C 47.8 / C 3.0 / R 17.8 / C 24.9 / C 

Clay Plains 4.8 / R 26.6 / R -0.36 / C 0.43 / R 6.0 / C 10.1 / C 47.5 / C 3.6 / R 27.6 / C 8.0 / C 

1Number of wells are given with each geochemical constituent after removing non-detects. 

Note: Bold numbers with ‘R’ (random pattern) indicate properly specified GWR models, whereas other cells with ‘C’ (clustered pattern) suggest a key 

variable is still missing to explain the spatial distribution of the geochemical constituents. 
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Table 2.7: GWR result showing types of relationship between dependent and explanatory 

(continuous/numerical) variables from properly specified model 

Dependent variable 
Explanatory 

Variables1 
Total wells 

Number of 

wells 

Type of 

coefficient2 

Bored/Dug wells 

As 

concentration (µg/L) 

ORP 

219 

219 Negative 

F 219 Positive 

Well depth 219 Positive 

Mn 

concentration (µg/L) 
Well depth 113 113 Negative 

Cl 

concentration (mg/L) 

Br 

223 

169 Positive 

I 219 Positive 

Na 223 Positive 

Ca 223 Positive 

Well depth 223 Positive 

Drilled wells 

Mn 

concentration (µg/L) 

pH 

225 

129 Positive 

ORP 225 Positive 

Fe 225 Positive 

Well depth 170 Positive 

Cl 

concentration (mg/L) 

Na 
291 

291 Positive 

Ca 291 Positive 

1These explanatory variables were modelled along with physiography shown in Table 2.5; 2Type of coefficient 

(sign) indicates whether the variables are positively or negatively related to each other, and the coefficient signs in 

the table are displayed based on the dominant number of wells shown in the fourth column, as observed in the GWR 

model output feature classes.  

 

The criterion for determining a properly specified GWR model is based on having a random 

spatial pattern of GWR residuals (Table 2.5 and 2.6; Rosenshein, ESRI tutorial 2012; Meik and 

Lawing 2017). The evaluation of an adjusted R2 value is less definitive, rather more comparative 

with other related properly specified GWR models (Table 2.5 and 2.6; Rosenshein, ESRI tutorial 

2012; Saunders et al. 2012). In addition, coefficient value and sign for each data point, computed 

by the GWR, reflect the strength and type of relationship, whether the relationship is positive or 
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negative, of each explanatory variable to the dependent variable (Table 2.7; ESRI; Rosenshein, 

ESRI tutorial 2012). 

 

2.4.3.1 Arsenic 

All GWR models for arsenic (As) in bored/dug wells were properly specified models having 

random pattern of GWR residuals, i.e., the explanatory variables used in these models are some 

of the key variables for predicting As concentration in groundwater. Arsenic concentration 

showed 14.8% adjusted R2 when all physiography was combined. Adjusted R2 increased a little 

every time when the variables - surficial deposits (16.5%), till formation (20.2%), ORP (18.9%) 

were included separately (Table 2.5). Well depth, when added with physiography (14.2%) 

showed a slightly lower value, though it can still be used as a predictor for As concentration in 

bored/dug wells. In contrast, when fluoride (F) was added with physiography, the regression 

value significantly increased to 39.6% (Table 2.5). Moreover, for As in bored/dug wells, 

Bevelled Till Plains showed 23.6% adjusted R2, which is considerably higher compared to other 

physiographic features that ranges from 5-6% (Table 2.6). Among the continuous explanatory 

variables, fluoride and well depth were found positively correlated and ORP was found 

negatively correlated to As concentration in all bored/dug wells (Table 2.7). 

GWR models for As in drilled wells were properly specified models only for all physiography 

along with till formations. All physiography alone and with other factors - surficial deposits, 

ORP, well depth and F showed clustered pattern for GWR residuals (Table 2.5), i.e., the key 

factors were still missing in modelling GWR with those variables to predict the As concentration 

in groundwater of drilled wells. Conversely, the adjusted R2 values for As-physiography-till 

formation is 19.2% (Table 2.5), which indicates the geological factor, texture of tills are 

considered as a moderately significant predictor for As in drilled wells in different physiographic 

features of southern Ontario. 

 



 

 

66 

 

2.4.3.2 Fluoride 

GWR models for fluoride (F) in bored/dug wells were properly specified for only some 

individual physiography. All physiography along with other factors - surficial deposits, till 

formation, As & Cd (from fertilizers), well depth showed clustered pattern for GWR residuals 

(Table 2.5), i.e., the key factors were still missing to model the F concentration in groundwater 

of bored/dug wells. Although physiography as a single factor showed a clustering pattern for 

GWR residuals, five physiographic features when run individually (Till Moraines, Spillways, 

Drumlinized Till Plains & Drumlins, Sand Plains, Clay Plains) indicated spatial randomness of 

residuals (Table 2.6), which means these physiographic features could be one of the key 

variables for predicting F concentration in bored/dug wells. Adjusted R2 values for those 

physiography are as follows - Till moraines 28.1%, Spillways 26.2%, Drumlinized Till Plains & 

Drumlins 25.9%, Sand Plains 24.2%, Clay Plains 26.6%. 

GWR models for F in drilled wells were properly specified only for physiography with till 

formations. Individual physiographic features and all physiography either alone or with other 

factors - surficial deposits, ORP, well depth and As & Cd showed clustered pattern for GWR 

residuals, meaning key factors were still missing in modelling GWR with those variables to 

predict the F concentration in groundwater of drilled wells. The adjusted R2 values for F-

physiography-till formation is 58.7% (Table 2.5), which indicates the geological factor, textures 

of the tills are considered as a better predictor for F in drilled wells on different physiographic 

features of southern Ontario. 

 

2.4.3.3 Manganese 

GWR models for manganese (Mn) in bored/dug wells were properly specified for all eight 

physiographic features together (-2.2%) and physiography with two factors - surficial deposits (-

4.2%) and well depth (-0.48%) (Table 2.5). Even though these GWR residuals have produced 

spatially random pattern, the adjusted R2 value for these three GWR models were very low and 

negative, which means they are counted as a less important predictor for Mn concentrations in 
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bored/dug wells. Additionally, Mn-well depth in all bored/dug wells were observed as negatively 

related to each other (Table 2.7), which means high Mn are linked to shallower bored/dug wells. 

Moreover, combined physiography with other factors, e.g., till formation, pH-ORP, Iron (Fe) 

showed clustered patterns for GWR residuals (Table 2.5), i.e., the key factors were still missing 

to explain the Mn concentrations in groundwater of bored/dug wells. Despite the fact that 

residuals from GWR model of all physiography generated a random pattern in the spatial 

autocorrelation test, physiographic features, except Bevelled Till Plains, showed clustering of 

residuals in their individual model, so those physiographic features are not considered as key 

explanatory variables. While Bevelled Till Plains showed a random pattern in its residuals, and 

its 3.5% adjusted R2 (Table 2.6) is a relatively low value, still compared to the misspecified 

models of other physiography, Bevelled Till Plains can be a slightly good predictor of Mn 

concentration in bored/dug wells. 

All GWR models run for Mn in drilled wells were properly specified models (Table 2.5), i.e., the 

explanatory variables used in those models are considered as key variables for Mn though the 

adjusted R2 values are very low in all cases. Mn concentrations at drilled wells showed very low 

adjusted R2 values for all eight physiography together (1.3%) and physiography with other 

factors. The adjusted R2 values slightly changed, when pH & ORP (2.7%), iron (4.1%) and 

surficial deposits (4.5%) were added with physiography separately. When well depth was added, 

the adjusted R2 value remained the same (1.3%). Moreover, the adjusted R2 for Mn-

physiography-till formations is also very low and even negative (-3.3%). These results suggest 

that the explanatory variables do not apparently have significant influence on modelling Mn in 

groundwater of drilled wells. Among the continuous explanatory variables, ORP and iron had 

positive relationship to Mn concentration in all drilled wells (Table 2.7). Mn-well depth were 

also positively related to each other in 170 drilled wells out of 225 (Table 2.7), which means in 

these 170 drilled wells high Mn is correlated to greater depth whereas high Mn is connected to 

shallower depth in rest of the drilled wells. Moreover, positive correlation in 129 drilled wells 

out of 225 were found for Mn and pH (Table 2.7), which indicates these drilled wells have high 

Mn in their groundwater at high pH, i.e., alkaline condition; on the other hand, Mn-pH were 

found to be negatively correlated in the rest of the drilled wells, which suggests those 
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groundwater contain high Mn at lower pH, i.e., acidic condition. Additionally, all the 

physiography individually showed low adjusted R2 values, ranging from 3-7% (Table 2.6), 

which means these are also considered as not very important predictor for Mn in drilled wells. 

This may happen because manganese is too ubiquitous in nature and physiographic feature does 

not have a strong control in dissolution of manganese in groundwater. 

 

2.4.3.4 Chloride 

All GWR models run for chloride (Cl) in bored/dug wells were properly specified (Table 2.5), 

i.e., the explanatory variables used in these models are key variables for Cl concentration in 

groundwater, though some of the adjusted R2 values were low. Cl concentration showed very 

low and negative adjusted R2 value for all eight physiography together (-0.83%) and when two 

factors - surficial deposits (-1.2%) and well depth (1.5%) were added with physiography, the 

value did not improve much. Adjusted R2 value rose significantly when till formation was added 

with physiography (20.2%). Moreover, the regression value significantly increased, when two 

chemical components combination Br-I (48.9%) and Na-Ca (84.4%) were included with 

physiography in GWR models. It was observed from Table 2.7, Bromide (Br), Iodide (I), 

Sodium (Na), Calcium (Ca) and well depth – all were positively correlated to Cl concentration in 

bored/dug wells. Among them, Na, Ca and well depth showed positive relationship to Cl in all 

bored/dug wells, whereas Br and I had positive relation with Cl in 169 and 219 bored/dug wells 

respectively. In addition, all the physiography individually showed very low adjusted R2 values 

(Table 2.6), which means these are considered as less important predictor for Cl concentration in 

bored/dug wells. However, Till Moraines presented 7.3% adjusted R2 (Table 2.6), which is a 

little high compared to other physiographic features that ranges from 1-2%. 

Although GWR model for Cl-all physiography in drilled wells showed a clustering pattern for 

GWR residuals, by adding till formations (-0.67%) and Na-Ca (93.2%) with all physiography 

separately provided properly specified models (Table 2.5), i.e., these two explanatory variables 

when included with physiography appeared as key variables for Cl concentration in drilled wells. 

Na-Ca showed a significant correlation with Cl in drilled wells of eight physiography resulting in 
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an excellent adjusted R2 value 93.2%. Both Na and Ca are associated with Cl most likely from 

halite dissolution and road salt and showed positive relationship to Cl in all drilled wells (Table 

2.7). In contrast, all physiography with the texture of the till formations might be considered as a 

less important factor for Cl concentration in drilled wells on different physiographic features. 

Lastly, all physiography alone and with other three factors - surficial deposits, Br-I, and well 

depth as well as the individual eight physiography showed clustered pattern for GWR residuals, 

i.e., the main factors were still missing to predict the Cl in drilled wells in these models. The 

above results suggest Cl concentration in drilled wells is not tied to physiographic features in 

southern Ontario. 

 

2.4.3.5 Nitrate 

Residuals from all the GWR models showed clustered pattern in spatial autocorrelation test for 

nitrate (NO3) in bored/dug wells (Table 2.5 and 2.6), i.e., the key explanatory variables were still 

missing to model the NO3 concentration in groundwater of bored/dug wells. 

The residuals of the GWR models for NO3 in drilled wells showed mostly clustered pattern in 

spatial autocorrelation test, like the GWR models for NO3 in bored/dug wells, i.e., the key 

explanatory variables were still missing to model the NO3 concentration in groundwater of 

drilled wells. Only Drumlinized Till Plains and Drumlins from the individual physiography 

category resulted in spatial randomness of GWR residuals with a relatively good adjusted R2 

value 27.5% (Table 2.6), which suggests Drumlinized Till Plains and Drumlins may have a 

significant connection with NO3 concentration in drilled wells of southern Ontario.  

NO3-physiography-till formation model confronted a severe model design error whereby local 

equations did not include enough neighbors, which often indicates a problem with global or local 

multicollinearity (ESRI). This is likely due to 1) the low number of wells in the ‘till formation” 

dataset, and 2) the large number of drilled wells with non-detected NO3, which were excluded 

from dataset before running the GWR model.  For example, the physiography “Bevelled Till 

Plains” has only one well on till formations with NO3 above detection limit, and the rest of the 
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wells are containing non-detected NO3. Hence, the GWR analysis did not have enough neighbors 

for this one drilled well in Bevelled Till Plains to do the local equations and later run the global 

model. However, when Bevelled Till Plains was excluded from the model, 21.9% adjusted R2 

and spatial randomness of GWR residuals resulted for NO3-physiography-till formation (Table 

2.5). Therefore, the geological factor, texture of the till formations can be considered as a 

moderately significant factor for NO3 in drilled wells on different physiography (without 

Bevelled Till Plains) of southern Ontario. 

 

2.4.4 Summary of results combining geospatial and GWR analyses 

2.4.4.1 Arsenic 

The geospatial analysis of As distribution in overburden water wells showed that the bored/dug 

wells of Bevelled Till Plains appear relatively vulnerable having the highest percent of 

contaminated wells and highest maximum and average As concentrations (Appendix Fig. B4; 

Figure 2.12). In the GWR analysis, Bevelled Till Plains was also found to be one of the key 

variables for As in bored/dug wells with a relatively good adjusted R2 (23.6%) compared to other 

physiography (Table 2.6).  

As and F distribution maps for bored/dug wells (Appendix Fig. B3 and B5) show two dug wells 

in Bevelled Till Plains that contain both high As and high F together. The source of elevated As 

and F in these dug wells is most likely phosphate fertilizer, as these are known components of it 

(Ramteke et al. 2018). Moreover, the GWR analysis performed for As-physiography-F in 

bored/dug wells also came out as properly specified model with an improved adjusted R2 

(39.6%) (Table 2.5) and the positive relationship between As and F (Table 2.7), suggesting 

phosphate fertilizer as a likely source of As and F in bored/dug wells.  

Furthermore, for both types of well, bored/dug and drilled, As-physiography-surficial till 

formations resulted as properly specified models with good adjusted R2 (20.2% and 19.2%, 

respectively) (Table 2.5), that made these variables as significant predictors for As in southern 

Ontario groundwater. Integration of surficial geology map with physiography map of southern 
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Ontario and AGG dataset revealed that the majority of the elevated As water wells are linked to 

silt to clay rich till formations. 

 

2.4.4.2 Fluoride 

Geospatial analysis showed that the elevated F (above MAC) is found in two bored/dug wells in 

Bevelled Till Plains (Appendix Fig. B5). But unlike the GWR model of As, GWR analysis of F 

did not result in a properly specified model with Bevelled Till Plains (Table 2.6), i.e., the key 

variable is still missing in this model. In addition, the source of F combining with As in shallow 

groundwater from dug wells is thought to be from the phosphate fertilizer, where cadmium (Cd) 

could also be counted as another chemical component (Ramteke et al. 2018). Even though the 

GWR model of F-physiography-As-Cd attained a good adjusted R2 (58.3%) (Table 2.5), still this 

model was not a properly specified model, such that some key factors are still absent to predict F 

in bored/dug wells. Interestingly, Till Moraines, Spillways, Drumlinized Till Plains & Drumlins, 

Sand Plains, Clay Plains are found to be key variables to explain F in bored/dug wells in spite of 

not showing concentrations higher than the MAC standard (Table 2.6; Appendix Fig. B5).  

Furthermore, the geospatial map showed that the occurrence of elevated F in drilled overburden 

wells particularly follows young-aged Devonian bedrock boundaries (Figure 2.15). Shale 

dominated subcropping Devonian bedrock (Armstrong and Dodge 2007) led to deposition of 

mostly fine-grained silty to clayey glacial sediments in the southwestern part of the Province, 

where naturally occurring high F concentrations are found in groundwater. In GWR analysis, F-

physiography-texture of surficial till formations resulted in a properly specified model with a 

better adjusted R2 value (58.7%) (Table 2.5), which made these geological variables important to 

predict F in drilled wells. 
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2.4.4.3 Manganese 

The geospatial maps, concentration chart and percent of contaminated and safe water wells 

charts (Figure 2.16, 2.17, 2.18; Appendix Fig. B6, B7) revealed that elevated Mn as well as non-

detected Mn in both type of water wells are widely distributed in almost all physiographic 

features of southern Ontario. In the GWR analysis, Mn concentration in groundwater also could 

not show any significant model output with physiography alone and the results were not 

improved by adding other factors (Table 2.5). 

GWR analysis of Mn-Bevelled Till Plains resulted in a properly specified model with 3.5% 

adjusted R2 for bored/dug wells (Table 2.6); this results stands out despite its low adjusted R2 

value as the rest of the physiographic features did not result in properly specified models. In 

geospatial analysis, Mn in bored/dug wells of Bevelled Till Plains also came out with a 

significant percentage of contaminated wells with relatively higher average concentration 

compared to other physiographic features (Figure 2.16 and 2.17). 

 

2.4.4.4 Chloride 

Geospatial analysis highlighted that drilled wells of Clay Plains are more impacted by high Cl 

concentration (Figure 2.19; Appendix Fig. B8). In GWR analysis, although the drilled wells of 

Clay Plains produced 27.6% adjusted R2 (Table 2.6), which is higher compared to the other 

physiography, but as the residuals showed cluster pattern, that means some key variables are still 

missing to explain the high chloride above AO in Clay Plains. 

GWR model of Cl concentration in bored/dug wells showed a distinct scenario, better adjusted 

R2 20.2% with surficial till formations (Table 2.5). In this context, 7.3% adjusted R2 of Till 

Moraines with Cl in bored/dug wells may also be due to this relationship with till formation. 

While the adjusted R2 value is still low, it is larger than the low range of values (1-2%) of other 

physiographic features (Table 2.6). In addition, Till Moraines is also one of the physiographic 

features that showed high maximum Cl concentration in bored/dug wells based on geospatial 

analysis (Figure 2.19). 
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2.4.4.5 Nitrate 

Three physiographic features (Till Moraines, Drumlinized Till Plains and Sand Plains) have NO3 

impacted drilled wells above MAC. Drumlinized Till Plains and Drumlins hold the highest 

percentage of contaminated drilled wells along with the highest maximum and average 

concentration (Appendix Fig. B14; Figure 2.24). By integrating the surficial geology map of 

southern Ontario (OGS, MRD 128-REV 2010) with physiographic map and AGG dataset, it has 

been observed that all the high NO3 containing drilled wells on Drumlinized Till Plains and 

Drumlins possess either sandy silt or silty sand till, sometimes with stones, as their surficial 

deposits. Moreover, GWR statistical analysis resulted only two properly specified models with 

comparatively good adjusted R2 of 27.5% and 21.9% for NO3-Drumlinized Till Plains & 

Drumlins and NO3-physiography-surficial till formations respectively, and both for drilled wells 

(Table 2.6 and 2.5). These findings suggest a connection between Drumlinized Till Plains and till 

formations with elevated NO3 concentration in drilled wells of southern Ontario. However, 

highest percent of contaminated wells and high NO3 level have also been noticed in bored/dug 

wells of Bevelled Till Plains through geospatial analysis (Figure 2.24; Appendix Fig. B14), but 

neither Bevelled Till Plains nor the other physiographic features, resulted in properly specified 

GWR models to help explain the NO3 concentration in groundwater of bored/dug wells in those 

areas. 

 

2.5 Discussion 

2.5.1 Arsenic 

In southern Ontario, elevated arsenic (As) is predominantly observed in the groundwater of 

overburden drilled wells. The probable natural source of As in drilled wells is the overburden 

glacial sediment derived from the underlying subcropping bedrock that in some places, contains 

As-bearing minerals.  

Paleozoic Devonian and Silurian carbonate bedrock in the southwestern Ontario contain 

disseminated metallic sulphides including pyrite and galena (Freckelton 2013; Brunton et al. 
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2007) and bituminous partings, particularly in the Devonian Dundee Formation (Armstrong and 

Dodge 2007; Armstrong and Carter 2010), which are typically associated with elevated As 

(Cramer et al. 1988; Colgrove and Hamilton 2018). In the geospatial map, high As drilled wells 

are noticed to form a cluster in this part of the Province mostly on Till Moraines and both Till 

Plains – Undrumlinized and Drumlinized (Figure 2.13), suggesting a relatively local provenance 

for the till. The comparatively older (Silurian aged) Eramosa Member in the Lockport Formation 

also hosts sulphide minerals in the form of microbially precipitated, matrix-bearing, framboidal 

pyrites, which is a recognized source of high As in parts of southern Ontario groundwater, 

particularly in Niagara Peninsula (Figure 2.13) (Brunton et al. 2007; Armstrong and Dodge 

2007). The reduction of metallic sulphides in the presence of organic material (bituminous) can 

release As in groundwater, and eventually the persistence of dissolved As depends on the redox 

conditions present in the overburden sediment and groundwater (Colgrove and Hamilton 2018). 

High As level in a few bored/dug overburden wells in Bevelled Till Plains, Undrumlinized Till 

Plains and Clay Plains (Appendix Fig. B3) having silty to clayey surficial materials (OGS 

surficial geology map of southern Ontario 2010), are more likely coming from chemical 

fertilizers, specifically, phosphate fertilizer in agricultural lands. The shallow fine-grained clayey 

material probably influences the retention of As contaminants that were freshly released from the 

surface into very shallow groundwater (Herath et al. 2016). Moreover, GWR model run for As in 

bored/dug wells resulted as properly specified model with better adjusted R2 for As-Bevelled Till 

Plains (23.6%) and As-physiography-F (39.6%) (Table 2.6 and 2.5). As and F were also found to 

be positively correlated to each other in all bored/dug wells in GWR analysis (Table 2.7). These 

two constituents naturally occur in the phosphate rock, which is used in phosphate fertilizer, and 

these can in turn be released into groundwater through runoff (Ramteke et al. 2018). The above 

observations suggest Bevelled Till Plains and F with physiography are found as good predictor to 

explain As concentration in groundwater of bored/dug wells in southern Ontario. 

As-physiography-surficial till formations also came out as a properly specified model for As in 

both bored/dug and drilled wells (Table 2.5). Additionally, dominance of fine-grained clayey to 

silty diamicton are observed as primary surficial till materials on the elevated As impacted 

overburden wells regardless of physiography (OGS surficial geology map of southern Ontario 
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2010). Clay minerals play a vital role in the complex adsorption reactions of As under suitable 

oxidizing condition (Herath et al. 2016). In this context, reducing conditions can lead to clay 

particles releasing that As into groundwater. This may explain why physiographic features that 

contain more clayey sediments are found to be more susceptible to As contamination in 

groundwater of southern Ontario.  

 

2.5.2 Fluoride 

Geospatial analysis showed that the drilled overburden wells of southern Ontario are more 

impacted by fluoride (F) contamination than bored/dug wells. The glacial sediments overlying 

the Paleozoic Devonian bedrocks in southwestern Ontario showed a major clustering of high F 

drilled wells (Figure 2.15). The drift sediments, especially clay particles, derived from younger 

Devonian carbonate and organic rich shale might have strong influences in releasing F content 

into groundwater of this region (Colgrove and Hamilton 2018). Cation exchanges between clay 

minerals and groundwater in those overburden aquifer decreases Ca content and increases the 

solubility of the F that is incorporated into host sediments (Colgrove 2016). High F groundwaters 

from drilled wells found to be associated with relatively low Ca and Mg concentrations in Piper 

diagram (Figure 2.11), consistent with the solubility of F that promotes the replacement of Ca 

with the Na ion in groundwater (Earle et al. 2004; IGRAC 2004). Analysis of concentrations 

relative to the surficial geology map of southern Ontario (OGS, MRD128-REV 2010) also 

showed that all high F drilled wells are associated with silty to clayey till formations. Moreover, 

in GWR analysis, physiography-surficial till formation was a good predictor (58.7%) for F in 

drilled wells of southern Ontario (Table 2.5). 

Elevated F is also recorded in one drilled well in Sand Plains of the Niagara Peninsula, which is 

overlying Paleozoic Guelph Formation (Figure 2.15). Since the Niagara region does not add F in 

their tap water (Public Health, Niagara Region), the elevated F is likely from the dissolution of 

naturally occurring F-bearing minerals (i.e., Fluorite, CaF2) in the host bedrock Guelph 

Formation (Smal 2017), where Fluorite may occur as an accessory mineral (Bailey et al. 2009; 

Farquhar et al. 1987). 



 

 

76 

 

It is notable that the occurrence of high F in overburden drilled wells gradually decreases from 

the SW to NE consistent with the shift from younger F-bearing Devonian formations to the older 

Silurian bedrock formations, regardless of physiography (Figure 2.15). This fact is also 

supported by the GWR analysis, where despite adjusted R2 of ranging 49%-59.4%, neither 

physiography nor the other added variables (except till formations) came out as influencing 

factors for predicting F concentration in drilled wells (Table 2.5).  

In southern Ontario, bored/dug wells appeared comparatively safe in terms of F contamination 

(Appendix Fig. B5), because naturally shallow groundwater is less likely to contain high F 

(Frencken et al. 1992). The most probable source of elevated F found in three bored/dug wells, 

which are located on agricultural lands, is chemical phosphate fertilizers, that may contribute 

excess F into very shallow groundwater through runoff and recent infiltration. Furthermore, high 

As is also found in two of these three wells, which provides further evidence of phosphate 

fertilizer as a likely anthropogenic source (Ramteke et al. 2018). But in GWR analysis, neither F-

Bevelled Till Plains nor F-physiography-As-Cd showed any properly specified model while 

having good adjusted R2 (Table 2.5), which implies a key variable is still missing to explain F in 

groundwater. It should be noted that phosphate fertilizer that has been manufactured from 

possible As and F bearing phosphate rocks are being largely replaced by mono-ammonium 

phosphate fertilizers in Ontario (OMAFRA 2018). Hence elevated As and F released from 

fertilizer applications are not frequently found as is observed to be the case for NO3 in the study 

area. 

 

2.5.3 Manganese 

The broad distribution of high manganese (Mn) in both bored/dug and drilled wells of southern 

Ontario (Appendix Fig. B7; Figure 2.18) is consistent with its widespread natural occurrence in 

the environment. Whether from a natural or man-made source, redox sensitivity is typically 

considered to be the important influencing factor for the existence of Mn in groundwater (Stokes 

et al. 1988; Kohl and Medlar 2006; Health Canada 2019). Acidic (low pH) and reducing (low 

DO) conditions often favor the dissolution of Mn to the groundwater, i.e., reduction of Mn (IV) 
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into dissolved Mn (II) form (Health Canada 2019). On the contrary, in the alkaline (high pH) 

condition and in the presence of dissolved oxygen, the reverse reaction can happen, i.e., 

conversion of dissolved Mn (II) to insoluble Mn (IV) may occur (WHO 2004; Health Canada 

2019). The latter may explain the non-detectable Mn in many bored/dug overburden water wells, 

and some drilled wells in almost all physiographic features (Figure 2.17; Appendix Fig. B6).  

Mn in groundwater can come from anthropogenic sources at very shallow depth, e.g., manganese 

sulfate (MnSO4) fertilizers, discharge from different industries, leaching from landfills (Health 

Canada 2019). Some of the very high Mn observations, above MAC (Appendix Fig. B7), have 

been identified in dug wells located in agricultural lands regardless of physiographic features. 

There is high chance of releasing the Mn to shallow groundwater from the fertilizer applications. 

Since the MAC standard for Mn in Canada has been approved in very recent times and it is 

related to health issues for children, an exceedance of the MAC of Mn in water wells must be 

inspected and followed by the appropriate corrective actions. 

Even though physiography had properly specified models in both bored/dug and drilled wells 

(Table 2.5), GWR statistical analysis, like geospatial analysis, demonstrated that physiography is 

not considered as an important predictor for Mn due to very low and sometimes negative 

adjusted R2. Even the factors related to Mn in groundwater (such as, pH, ORP, Fe) did not 

improve the GWR models when physiography was combined with them. Mn-Bevelled Till 

Plains in bored/dug wells had a slightly higher adjusted R2 value (3.5%) than other 

physiographic features considering its properly specified model results (Table 2.6). Geospatial 

analysis also supports this finding. According to both drinking water standards, elevated Mn is 

extensively found in bored/dug wells of Bevelled Till Plains (Figure 2.17). The presence of 

favorable geochemical conditions for dissolution along with the shallow layer of clay in Bevelled 

Till Plains might play a crucial role in holding more Mn in shallow groundwater, making it a 

slightly more vulnerable for Mn contamination in bored/dug wells of southern Ontario. 
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2.5.4 Chloride 

Cl/Br mass ratio vs Cl concentration graphs and associated geospatial maps revealed the possible 

natural and anthropogenic sources (Figure 2.20 and 2.22) for elevated chloride (Cl) in 

overburden water wells.  

Elevated chlorides from drilled wells in the Niagara Peninsula are indicating natural sources 

(Figure 2.22), originating from the underlying bedrock low within the Salina Formation (Smal 

2017). Also known as the Salina Trough (Gao 2011; Smal 2017), this bedrock low is found 

beneath several meters of less permeable glaciolacustrine sediments (Burt 2015). It has also been 

reported by some isotopic tracer studies that the Silurian aged Salina bedrock contains evaporites 

and the shallowest formational brines in some parts of southern Ontario (Dollar et al. 1991; 

Chapman et al. 2013; Skuce et al. 2015). However, for one shallow dug well, the high Cl is more 

likely to be from anthropogenic sources, possibly from septic effluent or animal waste or 

fertilizer due to its shallow depth and its location on agricultural land (Figure 2.22).  

Moreover, Devonian and Ordovician shale that act as the natural contributors to elevated Cl 

found in the water wells might be present in glacial sediments of southwestern and southcentral 

Ontario, respectively (Smal 2017; Colgrove and Hamilton 2018). Two naturally occurring high 

Cl containing bored/dug wells, located in the west of Barrie and in between Peterborough and 

Kingston (Figure 2.22), are adjacent to regional bedrock topographic highs and having less 

sediment thickness (Appendix Fig. B11, B12). The groundwater recharge in these areas may be 

influenced by the lateral and upward flushing of formational brines from the Ordovician shale 

(Colgrove and Hamilton 2018). Other natural sourced elevated Cl containing bored/dug and 

drilled well, located in the south of London at SW Ontario (Figure 2.22), may be impacted by the 

upwelling or lateral flow of formational brine through local groundwater flow system to the east 

of the Ipperwash Trough buried valley overlying the Devonian shale units (Appendix Fig. B11; 

Figure 2.22) (Colgrove and Hamilton 2018).  

It can be seen from the graph of Cl/Br mass ratio vs Cl concentration that the natural dissolved 

salt source is mainly brine rather than seawater (Figure 2.20), except for one drilled well in 

southwestern Ontario above Devonian rocks. Though the fine-grained shale allows preservation 
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of ancient brine and seawater for long periods of time (Hem 1985; Colgrove and Hamilton 

2018), this range of Cl concentration could also come from recent anthropogenic sources (see 

Figure 2.20 (b), where the purple line (septic influence) is very close to the blue seawater line) 

(Smal 2017).  

The anthropogenic marked wells in the map are mainly near or along the highways or main 

roads, where the Cl content can come from deicing road salts using at winter (Appendix Fig. 

B13). Septic effluent and animal waste can also be the other human-induced sources of high Cl. 

Cl/Br mass ratio vs Total Nitrogen concentration graph and associated geospatial map separated 

the water wells that are possibly impacted by septic waste and/or fertilizer application from the 

wells that are affected by road salt, based on total nitrogen enrichment in groundwater (Figure 

2.21; Appendix Fig. B9). 

Although drilled wells of Clay Plains are considered as comparatively more vulnerable for Cl 

contamination in southern Ontario, based on the charts and map from geospatial analysis, the 

GWR analysis did not result in a properly specified model for Cl-Clay Plains for drilled wells 

(Table 2.6). For bored/dug wells, physiography is found to be less important predictor; but when 

surficial till formation, Br-I and Na-Ca were added to physiography, these combinations act as 

strong factors for explaining Cl in bored/dug wells (Table 2.5). Br-I (in 169 and 219 bored/dug 

wells, respectively, out of 223) and Na-Ca (in all bored/dug wells) showed positive correlation to 

Cl concentration as well (Table 2.7), which indicates natural and anthropogenic (mainly road 

salt) sources respectively. In addition, analysis of surficial geology map of southern Ontario with 

AGG dataset helped to show that maximum high Cl bored/dug wells are connected to sandy to 

silty till formations. Relatively permeable sandy to silty surficial till may permit the Cl 

contaminants released from the surface to travel through the sediments into shallow 

groundwater. Lastly, the excellent adjusted R2 values of Cl-physiography-Na-Ca (Table 2.5) in 

both type of wells (84.4% and 93.2%) and positive relationship between Cl and Na-Ca (Table 

2.7) provided the evidence that the dominant component is anthropogenic.  
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2.5.5 Nitrate 

The presence of nitrate (NO3) in water wells implies the combined contribution of anthropogenic 

sources and geological and geochemical controls (Colgrove and Hamilton 2018), that 

consequently influence the dissolution and persistence of NO3 ions in groundwater. Elevated 

NO3 is extensively found in the bored/dug wells of almost all physiography in southern Ontario 

(Appendix Fig. B15) and is likely associated with fertilizers used in agricultural fields (Goss et 

al. 1998). Nevertheless, the highest maximum concentration along with the highest percent of 

NO3 contaminated bored/dug wells are found in Bevelled Till Plains (Figure 2.24; Appendix Fig. 

B14). The shallow veneer of fine-grained clay over the till plains in Bevelled Till Plains, 

possibly, plays a critical role in retaining recently released NO3 contaminants from fertilizers into 

shallow groundwater under suitable near-surface oxidizing condition. Additionally, the 

underlying till may also restrict the further infiltration of nitrate at depth. However, GWR 

analysis did not come up with a properly specified model for NO3-Bevelled Till Plains (Table 

2.6), which indicates key variables are missing in predicting the vulnerability of bored/dug wells 

in Bevelled Till Plains for NO3 contamination. 

The composition, texture, compaction, and degree of saturation of the overburden sediment are 

some of the key factors that control the downward migration of NO3 through groundwater 

(Levison and Novakowski 2009). Some of the drilled wells in the Barrie area had high NO3 

concentration (Figure 2.25). They all are on agricultural land of Drumlinized Till Plains and the 

surficial materials are sandy to silty till occasionally with stones (OGS surficial geology map, 

MRD128-REV 2010), which is moderately permeable and may permit the contaminants to travel 

to some depth. Some borehole logs from stratigraphic drilling of Quaternary deposits in the 

Barrie area also provided a strong evidence of the presence of thick silt, sand, and gravel (Barnett 

1991), which possibly allow persistence of oxidizing conditions at some depth that in turn limit 

the natural denitrification process (Best et al. 2015).  

Another cluster of high NO3 in drilled wells is located in Till Moraines and Sand Plains of the 

Norfolk area (Figure 2.25). Here again the permeable sandy surficial deposits and oxidizing 

condition promote the transfer of NO3 down into deeper sediments to some extent. Other 
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sparsely distributed drilled wells having high NO3 and sandy till at surface, are on Drumlinized 

Till Plains; one is on agricultural land near Guelph, another is in a non-agricultural rural area 

near Peterborough (Figure 2.25).  In the latter case, the NO3 source may be septic. Based on 

these findings, surficial sandy to silty permeable tills may have facilitated NO3 contamination of, 

and persistence of NO3 in, some drilled wells in southern Ontario.  

Consistent with those findings from geospatial analysis, GWR analysis also revealed NO3-

physiography (excluding Bevelled Till Plains)-till formations (21.9%) as an important predictor 

for NO3 in drilled wells (Table 2.5). Moreover, GWR model including NO3 concentration in 

drilled wells and Drumlinized Till Plains and Drumlins (27.5%) suggest this physiographic 

feature is a good factor to explain drilled wells NO3 concentration (Table 2.6). 

The common human-induced sources of NO3 in southern Ontario are fertilizer applications in 

agricultural land, manure or animal waste from farmlands, and septic effluents (Goss and 

Goorahoo 1995; Goss et al. 1998; Aravena and Robertson 1998). It is difficult to differentiate 

between these particular sources, as all of them indicate enrichment of total nitrogen. It is 

generally thought that elevated NO3 found in the rural non-agricultural land is coming from 

septic. Moreover, light rare earth elements (LREE) and heavy rare earth elements (HREE) were 

included in the GWR models of NO3 concentration to help determine the origin of NO3. This is 

because LREE and HREE can be incorporated in fertilizer and sewage treatment system 

respectively (Verplanck et al. 2010; Ramos et al. 2016b; Folgueras et al. 2017), which are also 

possible sources of enriched nitrogen. However, GWR analysis showed clustering of residuals in 

these models (Table 2.5), which means these models are unable to help discern between these 

two different sources. Perhaps this lack of correlation is because REE is mostly associated with 

phosphorus fertilizer rather than nitrogen fertilizer (Ramos et al. 2016b). 

It is notable that significant percentages of overburden wells, principally drilled overburden 

wells, from all physiography in southern Ontario are considered relatively safe from NO3, 

because of either non-detected or absence of NO3 content in their groundwater (see Appendix 

Fig. B14). The natural process of denitrification becomes more activated in oxygen depleted 

condition (low DO) with increasing depth (Figure 2.1). Moreover, low permeable overburden 
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deposits comprising clay and silt along with higher sulfur contents and higher amount of 

dissolved organic matter can trigger NO3 reduction processes at depth (Robertson et al. 1996). 

Geospatial analysis presented that as high as 92% of drilled wells on Undrumlinized Till Plains, 

Bevelled Till Plains and Clay Plains have non-detected NO3 in their groundwater (Appendix Fig. 

B14); this is consistent with Roberston et al. 1996’s findings that mud-rich sediment may 

facilitate denitrification at depth. Goss et al. 1998 also found a significant decrease in NO3 

contamination with depth in finer grained soils. 

 

2.6 Conclusion 

The above investigation was aimed at exploring the regional trends of five specific geochemical 

constituents - As, F, Mn, Cl, and NO3 in groundwater from overburden water wells located on 

eight physiographic features in southern Ontario. The following paragraphs provide a summary 

of the findings highlighting the distribution of elevated constituent concentrations relative to 

physiography and the potential for some factors to help predict groundwater well vulnerability. 

According to highest percent of contaminated wells and highest maximum and average 

concentrations from geospatial analysis and good adjusted R2 value from GWR model, 

bored/dug wells in Bevelled Till Plains seem to be more vulnerable than other physiographic 

features for arsenic. Moreover, fluoride, when added with arsenic and physiography for 

bored/dug wells, resulted in a properly specified model with a good adjusted R2 value (39.6%) 

suggesting these can be good predictors of arsenic in groundwater of bored/dug wells; arsenic-

fluoride also showed positive correlation to each other in all bored/dug wells, and this 

relationship suggests that the arsenic in those situations is from phosphate fertilizers. In contrast, 

elevated arsenic and fluoride, above MAC, in drilled wells were found generating clusters in the 

southwestern Ontario, but regardless of physiographic features, with a likely connection to 

underlying As- and F-bearing Paleozoic bedrock formations. 
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Elevated manganese in both type of overburden wells, mostly released from natural sources, and 

high nitrate in bored/dug wells, leaching from fertilizers applied to agricultural lands, are widely 

distributed throughout all physiographic features. However, a significant percentage of 

contaminated bored/dug wells were found in Bevelled Till Plains, relative to other physiographic 

features, for both manganese and nitrate. Additionally, Mn-Bevelled Till Plains GWR model for 

bored/dug wells showed a good correlation compared to other physiographic features. 

Geospatial analysis showed drilled wells of Clay Plains could be vulnerable for chloride 

contamination considering its highest maximum and average concentrations and highest percent 

of contaminated wells. However, GWR model result did not support this.  

Drilled wells in Drumlinized Till Plains were found to be more vulnerable than other 

physiographic features in terms of nitrate contamination based on both geospatial and GWR 

analysis. 

Texture of surficial till formations with physiography resulted in properly specified models with 

good adjusted R2 for F (58.7%), NO3 (21.9%), As (19.2%) in drilled wells and for As and Cl 

(both 20.2%) in bored/dug wells, suggest that texture of till formations can be one of the key 

variables to predict these constituents in groundwater from respective types of wells. Integration 

of OGS surficial geology map with physiographic map and AGG dataset also revealed an 

association between fine-textured silty to clayey tills with elevated arsenic and fluoride in both 

bored/dug and drilled wells, and comparatively coarser sandy to silty tills with high chloride 

contaminated bored/dug and high nitrate contaminated drilled wells. Fine-grained clayey-silty 

tills may allow to elevate arsenic and fluoride content in groundwater depending on reducing 

conditions and cation exchange reactions with clay particles (Herath et al. 2016; Colgrove 2016). 

Coarser sandy-silty tills may act like permeable conduits for transferring chloride and nitrate into 

groundwater. Sandy to silty till formations also permit oxidizing condition that helps the 

persistence of redox sensitive nitrate in groundwater at greater depth (Best et al. 2015). Thus, 

texture of till can be considered as a significant geological factor influencing groundwater 

quality in southern Ontario. 
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Lastly, based on geospatial and GWR analysis, in southern Ontario, Bevelled Till Plains can be 

considered to determine bored/dug well vulnerability for arsenic and manganese, and 

Drumlinized Till Plains can be used to determine drilled well vulnerability for nitrate 

contamination. 
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3 Chapter 3: Local Trends of Specific Groundwater 

Geochemistry and Quaternary Geology in the Brantford-

Woodstock area of Southern Ontario 

3.1 Introduction 

Several regional and local scale analyses have been completed considering the groundwater 

quality parameters and geological aspects across southern Ontario (Goss et al. 1998, Conboy and 

Goss 2000, Singer et al. 2003, Freckelton 2013, Hamilton et al. 2015, Smal 2017, Colgrove and 

Hamilton 2018). However, none of these studies included detailed analysis of the subsurface 

overburden units and their geometry, particularly the geological units that contribute most of the 

water extracted by the wells. To overcome these limitations, three-dimensional models of 

Quaternary overburden deposits have been created by the Ontario Geological Survey (OGS) in 

some of the regions in southern Ontario that primarily depend on groundwater. These models 

have provided the opportunity to better understand the distribution and character of subsurface 

hydrostratigraphic units. This chapter discusses the vertical sedimentation styles under seven 

physiographic features present and the general lateral stratigraphic trends across the Brantford-

Woodstock (BW) area in southwestern Ontario, based on the 3D Quaternary sediments mapping 

carried out by the OGS. These data are then compared to the water quality dataset from the OGS 

Ambient Groundwater Geochemistry study (AGG; Hamilton 2015) to explore the relationship 

between physiography, sedimentation styles and water quality. 

The purpose of this sediment analysis in the BW area is to explore the following research 

questions: 

i. Is there any particular sedimentation style under certain physiographic features as 

suggested by Best et al. (2015)? Is there any subsurface sediment trend that is relatively 

consistent with either preservation or erosion of hydrostratigraphic units under a certain 

physiographic feature compared to others? 
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ii. Are shallow sediments consistent with what would be expected under specific 

physiographic features (e.g., till under Till Plains, sand and gravel under Sand Plains or 

Spillways) and what is the limit to the depth at which a sediment-landform assemblage 

applies? 

iii. How does the Quaternary sediment of the BW area influence local groundwater quality? 

 

3.2 Background 

3.2.1 Physiographic Settings in the Brantford-Woodstock Area 

Physiographic features (Figure 3.1) and physiographic regions (Figure 3.2) in southern Ontario 

are delineated separately by Chapman and Putnam (1984). Physiography generally portrays the 

surface and near surface sediment orientation (Chapman and Putnam 1984). The sediment-

landform assemblages approach comes with the assumption that it is possible to identify 

particular surface landform with common sediment type in the subsurface at a large scale, when 

that surface landform is distinct from the surrounding areas and can also be linked to the 

processes involved in their formation (Benn and Evans 1998; Hambrey and Glasser 2003). 

However, there is bound to be a depth under these physiographic features at which a sediment-

landform assemblage no longer applies, since most regions have experienced successive ice 

advances and retreats. 

In southwestern Ontario, the accumulation of Quaternary sediments over bedrock began with the 

initial breakup of the Laurentide Ice Sheet (Barnett 1992). Subsequent multiple episodes of 

glacial advance and retreat, chiefly the sub-episodes of Late Wisconsin glaciation, interglacial 

and post glacial periods, led to the formation and reworking of the current physiographic settings 

in BW area (Barnett 1992; Figure 3.1, 3.2). Glacier movements by the Huron ice lobe to the 

northwest and the Erie–Ontario ice lobes to the southeast constructed a significant interlobate 

zone that diagonally bisect the study area from northeast (Waterloo Moraine) to southwest 

(Ingersoll Moraine) (Bajc and Dodge 2011). Both Drumlinized and Undrumlinized Till Plains 

cover a large part of the BW area, which are dissected by meltwater Spillways (Figure 3.1). The 
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SE corner of the BW area is characterized by the Norfolk Sand Plain (Figure 3.1), which was 

associated with high lake water levels (Erie Basin) in the region (Bajc and Dodge 2011). 

 

Figure 3.1: Distribution of AGG overburden bored/dug and drilled wells relative to different 

physiographic features in the BW area. Map created using ESRI ArcMap 10.7 with the OGS 

AGG dataset (2015) and physiographic data (2007) for S-ON. 

 

The Woodstock Drumlinized Till Plain (Figure 3.1), also known as Oxford Till Plain (Figure 

3.2) is the most distinct physiographic feature of BW area; this till plain and associated well-

formed drumlins usually consist of till and/or stratified sediments (Barnett 1992). The main 

Drumlin field directed parallel to the Huron ice flow to the NW (Bajc and Dodge 2011; Figure 

3.1), appears south of Woodstock with some faint drumlins and flutings farther north (Singer et 



 

 

88 

 

al. 2003). To the northeast, Kame Moraines exists (Figure 3.1), which is a southwest extension of 

the Waterloo Hills (Figure 3.2), that collectively comprises a broad interlobate moraine (the 

Waterloo Moraine) further to the north. Kame Moraines are generally comprised of ice-contact 

stratified deposits, with a predominance of sand (Barnett 1992). Adjacent to this hilly region, the 

Stratford Undrumlinized Till Plains is a ground moraine, which usually lacks consistent sediment 

orientation, interrupted by a few terminal moraines in the northwest corner of BW area (Figure 

3.1 and 3.2) (Singer et al. 2003; Bajc and Dodge 2011). 

 

Figure 3.2: Distribution of AGG overburden bored/dug and drilled wells over different 

physiographic regions in the BW area. Map created using ESRI ArcMap 10.7 with the OGS 

AGG dataset (2015) and physiographic data (2007) for S-ON. 
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To the east of the interlobate zone, there are a sequence of remarkable end moraines (from west 

to east, Ingersoll, St. Thomas, Norwich, Tillsonburg, Paris, and Galt moraines; Figure 3.1), and 

associated Undrumlinized Till Plains, collectively known as the Mount Elgin Ridges and 

Horseshoe Moraines physiographic region (Figure 3.2), that formed along the retreating margin 

of the Erie-Ontario ice lobes (Chapman and Putnam 1984; Bajc and Dodge 2011). End moraines 

are known as ice-marginal landforms, highly variable both laterally and vertically and consist of 

varieties of till as well as stratified sand, silt, clay deposits (Barnett 1992; Arnaud et al. 2018).  

In the southeast corner of the study area, deltaic Norfolk Sand Plains are dissected by some 

extended portion of the Horseshoe Moraines (Figure 3.2), with a tiny part of Haldimand Clay 

Plains in the farthest corner (Figure 3.2). Glacial meltwater from the Grand River area directed to 

the lakes between the ice front and the moraines to the northwest constructed this broad sand 

plain along with the continuous withdrawal of Erie-Ontario ice sheets (Chapman and Putnam 

1984). The Haldimand Clay Plains are covered by glaciolacustrine sand, silt and clay that were 

deposited by glacial Lakes Whittlesey and Warren (Singer et al. 2003; Bajc and Dodge 2011). 

Moreover, Spillways (stream valley systems) are extensively distributed along the interlobate 

line and through the southwest Drumlinized Till Plains and northeast Till Moraines (Figure 3.1). 

Typically, Spillways are floored either entirely or partly by gravel beds at one or several layers 

(Chapman and Putnam 1984). 

 

3.2.2 AGG Overburden Water Wells in the Brantford-Woodstock Area 

Twenty-seven (27) bored/dug and drilled AGG overburden wells, distributed in 7 physiographic 

features within BW study area (Table 3.1), are predominantly for domestic use, with the majority 

located on agricultural lands and some in rural non-agricultural areas (AGG dataset; Appendix 

Fig. C1). Two drilled wells are monitoring wells (AGG dataset); one of which is under 

Provincial Groundwater Monitoring Network (PGMN). Bored/dug wells are frequently found on 

Undrumlinized Till Plains and Clay Plains, whereas Till Moraines and Spillways contain more 

drilled wells (Table 3.1). Drumlinized Till Plains and Sand Plains have both types of wells in 

almost the same proportion (Table 3.1). In addition, a small area of Kame Moraines in the north 
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of the study area and Drumlins in the southwest of the study area has only one drilled well each 

(Table 3.1; Figure 3.1). Bevelled Till Plains are not found in the BW area. 

 

Table 3.1: Elevated groundwater geochemical constituents and count of AGG overburden wells 

on different physiographic features in BW area 

Physiographic Features 
Number of 

bored/dug wells 

Number of 

drilled wells 

Elevated groundwater 

geochemical constituents* 

Till Moraines 1 4 As, Mn1, NO3 

Spillways 1 4 Mn1, NO3 

Kame Moraines 0 1 
 

Undrumlinized Till Plains 4 1 Mn1, NO3 

Drumlinized Till Plains 

(& Drumlins) 

3 3+(1) 

=4 

As, Mn1 

Sand Plains 1 1 
 

Clay Plains 2 0 Mn1 

 Total 12 Total 15  

*All Mn concentrations are below MAC drinking water standard (120 μg/L) 

*Arsenic above MAC >10 μg/L 

*Nitrate above MAC >10 mg/L as N 

1considering drinking water standard AO (20 μg/L) 

 

Elevated arsenic and nitrate above maximum acceptable concentration (MAC) and manganese 

above aesthetic objectives (AO) are found in water wells of the BW area. Higher concentrations 

above MAC are found in 3 drilled wells for arsenic, most likely associated with As-bearing 

bituminous partings and disseminated metallic sulphides in overburden sediments derived from 

underlying Paleozoic bedrock, e.g., Upper Silurian Bass Islands, Devonian Amherstburg, Lucas 

and Dundee formations (Figure 3.3) (Armstrong and Dodge 2007) and 3 bored/dug wells for 

nitrate (Figure 3.4), probably associated from common agricultural activities (Singer et al. 2003) 
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in the BW area. Elevated manganese exceeding AO, is found extensively in 10 out of 15 drilled 

wells across the study area (Appendix Fig. C3) and occasionally in bored/dug wells (Appendix 

Fig. C2).  

 

Figure 3.3: Distribution of arsenic in drilled wells of BW area relative to the underlying 

Paleozoic bedrock geology and physiographic feature; colours of data points correspond to 

different physiographic features. Map created using ESRI ArcMap 10.7 with the OGS AGG 

dataset (2015), physiographic and Paleozoic Geology data (2007) for S-ON. 
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Figure 3.4: Distribution of nitrate in bored wells of the BW area; colours of data points 

correspond to different physiographic features. Map created using ESRI ArcMap 10.7 with the 

OGS AGG dataset (2015) and physiographic data (2007) for S-ON. 

 

3.2.3 Hydrostratigraphic Units in the Brantford-Woodstock Area 

A large number of high-resolution Quaternary borehole records consisting of several till units 

and their associated stratified sediments are available within BW study area (Bajc and Dodge 

2011). The OGS has developed a conceptual three-dimensional geological model using the 

observation and interpretation of new high-resolution cored boreholes, previous well records, 

detailed investigations at numerous important surface exposures, and radiocarbon dating (Bajc 

and Dodge 2011). These were then used to define lithologically-based hydrostratigraphic units 
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(Figure 3.5). The general lithological characteristics of the major hydrostratigraphic units 

(AFxx=aquifer; ATxx=aquitard) modelled in the BW area by the 3D model study of the OGS 

(Bajc and Dodge 2011) are briefly delineated below. 

The oldest discontinuous stratigraphic units present within BW area are AFD1, ATE1, ATG1 

(Figure 3.5). Pre-Michigan sub-episode tills and associated fine-textured glaciolacustrine units 

over the bedrock surface are presumed to be originating from southeast and south Erie ice lobe 

prior to the last major glacial advance (Westgate and Dreimanis 1967; Krzyszkowski and 

Karrow 2001; Bajc and Dodge 2011). Among them, the ATE1 aquitard is the Canning till and 

associated fine textured glaciolacustrine deposits, and ATG1 is known as Pre-Canning drift. Pre-

Catfish Creek aquifer unit AFD1 under Catfish Creek Till, is thought to record either subglacial 

(Bajc and Dodge 2011) or proglacial outwash deposits during the Catfish Creek ice advance 

(Krzyszkowski and Karrow 2001). 

During the Nissouri Stadial Phase, Catfish Creek ice expanded towards the south continuously 

for several thousand years, and after 17000 BP, retreated northward to initiate deglaciation in 

southern Ontario (Figure 3.5; Karrow 1984; Barnett, 1992). This widespread overconsolidated 

stony, sandy silt to silt Catfish Creek Till (ATC1) unit is recognized as a valuable marker bed in 

southwestern Ontario for stratigraphic studies because of its consistency in composition (Barnett 

1992) and because it is often identified as “Hardpan” in water well records (Bajc and Dodge 

2011).  

Following the initial breakup of regional Catfish Creek ice, intervals between progressive retreat 

of the NW Huron and S-SE Erie-Ontario ice lobes resulted in the extensive and complex 

deposition of Erie phase glaciolacustrine sand, silt, clay (AFB3, ATB3, AFB1) along with 

subaquatic fan deposits (AFB1) in some places depending on obstruction of drainage routes, 

local ponding and associated water level fluctuation (Krzyszkowski and Karrow 2001; Bajc and 

Dodge 2011). ATB3 is established as a widely extensive lower regional aquitard unit in BW 

area, sometimes termed as Lower Maryhill Till to the north of Woodstock (Barnett 1992); 

whereas AFB1 (Waterloo moraine and equivalents) is considered as one of the significant 

regional aquifers (Figure 3.5). The Waterloo moraine and equivalent is found primarily in the 
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northern and north-western part of the study area consists of interbedded sandy and gravelly 

subaquatic fan deposits, which were deposited in dynamic environments characterized by rapid 

facies transitions both vertically and horizontally (Bajc and Dodge 2011). 

 

Figure 3.5: Time–distance diagram displaying the key hydrostratigraphic units recognized in the 

BW and surrounding area (Modified from Bajc et al. 2018). 

 

During the Port Bruce Phase, the final stages of ice movement laid down Tavistock and Stratford 

Tills from the Huron ice lobe to the northwest and Port Stanley Till from the Erie–Ontario lobe 

to the southeast of the interlobate zone (Barnett 1992), both termed as ATB1 aquitard (Figure 

3.5) (Bajc and Dodge 2011). Tavistock till consists of gritty, pebbly clayey to silty diamicton, 

whereas Port Stanley till is characterized by stone-poor, clayey deposits (Bajc and Dodge 2011).  
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The younger ATA2 Wentworth Till, comprising loose, stony, silty to sandy till, was deposited as 

a result of a readjustment of the Erie-Ontario lobe margin during the Mackinaw Interstadial 

Phase (Figure 3.5). South of Brantford and east of the Horseshoe end moraines series (Figure 

3.2), the Wentworth Till occurs as a continuous unit associated with outwash gravel and sand 

over bedrock and beneath thick deposits of younger, fine-grained glaciolacustrine deposits 

(Figure 3.5). The Paris and Galt moraines (Figure 3.1), particularly, are comprised of this 

Wentworth Till (Barnett 1992). 

In between ATB1(Tavistock/Port Stanley Tills) and ATA2 (Wentworth Till) aquitard unit, an 

intermittent AFA2 Grand River Outwash Deposits and equivalent aquifer (Figure 3.5) occurs 

within the BW area and consists of well-bedded outwash and deltaic sand and gravel. The extent 

of AFA2 aquifer is limited mostly to the Grand River valley in the northeast and continue to the 

Norfolk Sand Plains between end moraines in the southeast part of the study area (Bajc and 

Dodge 2011). Some isolated patches of glaciofluvial outwash also occur locally within other 

ancient stream valleys.  

Youngest AFA0, ATA1, AFA1 units (Figure 3.5), alternating aquifers and aquitard, are 

composed of fine to coarse grained glaciolacustrine deposits that were associated with glacial 

lakes Whittlesey and Warren and other ancestral glacial lakes of the Erie basin. The occurrence 

of these glaciolacustrine deposits is mostly located south of Brantford within the study area. 

 

3.2.4 Groundwater Occurrence in Overburden Aquifers in the Brantford-

Woodstock Area 

Many private wells, utilizing the surficial and shallow overburden aquifers, supply sufficient 

quantities of good quality water for agricultural and domestic needs in rural areas that fall 

outside of municipally services areas (Singer et al. 2003). Overburden stratified sand and gravel 

deposits that occur at various depths to the east and south of Woodstock yield adequate water 

supplies from the intermediate aquifers (Singer et al. 2003). The water table occurs relatively 

close to the ground surface (within 5 m) at some places in southeastern part of the study area 
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(Bajc and Dodge 2011). These specific areas are more vulnerable to human activities that may 

release any harmful contaminants into groundwater (Bajc and Dodge 2011). On the contrary, the 

shallowest aquifers in the major parts of the Woodstock and Paris–Galt moraines hold a 

depressed water table, which suggest less vulnerability to surface contamination (Bajc and 

Dodge 2011). 

 

3.3 Methodology 

3.3.1 Study Area, Dataset Characteristics and Data Preparation 

To better understand the groundwater resource and its connection to overburden Quaternary 

aquifers beneath some parts of Brantford and Woodstock (BW) area in southwestern Ontario, the 

Ontario Geological Survey (OGS) carried out a three-dimensional (3D) Quaternary deposits 

mapping study (Groundwater Resource Study (GRS) -10) in 2011. This study led to the creation 

of a subsurface model database (Records.mdb as a Microsoft Access file) containing 

information, such as, borehole location (coordinates x, y and elevation z), stratigraphic 

information (e.g., source of the record, depth of particular horizons, single primary material that 

best describes the layers, formation for the layers), stratigraphic picks data from borehole (e.g., 

code name, order and classification of hydrostratigraphic units (whether aquifer or aquitard), and 

quality of pick data) as well as static water level and screen depth information. Each 

hydrostratigraphic layer is named chronologically and based on their water bearing condition, 

i.e., aquifers and aquitards are denoted as AF and AT respectively, and A to G represents 

younger to older Quaternary overburden sediments consist of till, glaciofluvial and 

glaciolacustrine deposits corresponding to several glacial events. For example, AFA2 represents 

relatively younger Grand River valley outwash deposits and ATC1 indicates older Upper/Main 

Catfish Creek Till (Bajc and Dodge 2011). 

This conceptual geologic model was constructed based on a large number of borehole logs 

(15,106 records) from different sources, such as, Ministry of the Environment (MOE) water-

wells, oil and gas wells, monitoring and production water wells, engineering test holes, natural 
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and man-made exposures, and high-resolution cored borings (Bajc and Dodge 2011). Although 

the majority of the boreholes are from MOE water well records, these records are considered as 

low-quality data because of the significant variability in the reliability of the sediment borelog. 

The rest of the sources are defined as medium or high quality as they were logged by trained 

geoscientists. Among them, 36 high-resolution continuously cored boreholes, that extended to 

bedrock, are referred to by the authors as ‘definitive boreholes’ as the stratigraphic information 

from these boreholes was used to assist with informing the interpretation and stratigraphic 

significance of lower quality records. These continuous definitive boreholes were sited in a 

strategic way in order to establish the associations between sediment characteristics and 

physiographic landforms together with an enhanced subsurface stratigraphic model (Bajc and 

Dodge 2011).  

Therefore, these 36 high-resolution cored borehole logs were analyzed in this investigation to get 

a sense of sedimentation styles under specific physiographic features present in the BW area. 

Furthermore, the subsurface sedimentary information at 27 Ambient Groundwater Geochemistry 

(AGG) overburden water well locations in Brantford-Woodstock area (Figure 3.1), was inferred 

from the OGS BW subsurface hydrostratigraphic model dataset. Most of the AGG data is from 

MOE water-wells and these records have individual well ID. Hence, it was possible to cross 

reference and extract the stratigraphic information related to AGG water wells from the BW 3D 

model records by either MOE well ID or their UTM coordinates (specifically for those wells that 

do not have any MOE record). Moreover, the AGG database also contains well depth and static 

water level for all water wells. Some screen depth and water level data were missing in the BW 

hydrostratigraphic model record, so the AGG dataset helped to fill those gaps. 

 

3.3.2 Analysis of Sedimentation Styles 

Thirty-six (36) high-resolution cored borehole logs from the OGS GRS-10 study for the BW 

area, that are publicly accessible, were studied to analyze the major trends of Quaternary 

sediment deposited beneath different physiographic features in BW with hydrogeological 

perspective (to address research question (i) about subsurface sediment trend) as well as to 
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observe whether the shallow stratigraphy is consistent or not with the associated physiography, 

by adding the hydrostratigraphic units from model data and by organized them according to 

physiographic features (to address research question (ii) about sediment-landform assemblages). 

In addition, to complement the hydrostratigraphic picks of OGS high-resolution cored borehole 

logs, 27 hydrostratigraphic columns were drawn using the model data, besides the sediment log 

of the AGG water well at the nearest point from each water well within a 100 m grid (to address 

research question (i) about subsurface sediment trends). CorelDRAW Graphics Suite 2020 

software was used to draw the sediment logs and hydrostratigraphic columns at the AGG well 

locations, as well as several hydrostratigraphic cross-sections across the BW area. Each 

hydrostratigraphic log (left column in Figure 3.6) was created based on the top layer elevation of 

each hydrostratigraphic unit in the 3D model database. In contrast, the sediment log (right 

column in Figure 3.6) was created based on the original borehole record and ground surface 

elevation data. In some cases, there is slight elevation discrepancies between the top surface 

elevation of the well and adjacent modelled hydrostratigraphic log, since the hydrostratigraphic 

column is not drawn at the exact well location, rather drawn at the nearest data point from the 

well within a 100 m grid. The true distance (in kilometer) between any two water wells was 

measured in ArcGIS and then drawn to scale in the cross-sectional diagrams. The 

hydrostratigraphic picks in the sediment log and the hydrostratigraphic column adjacent to the 

AGG well (Figure 3.6), which come from the BW 3D hydrostratigraphic model, help to 

contextualize the relatively low-resolution MOE records and provide a better sense of the 

lithostratigraphic trends that are then used in conjunction with the OGS high-resolution borehole 

records in the sedimentation styles analysis. 

 

3.3.2.1 AGG sediment log 

The sediment analysis in the AGG water wells required the drafting of the borehole log at each 

water well to facilitate the observation of sedimentation styles in the subsurface in BW area (to 

address research question (iii) about the impact of Quaternary sediment on local groundwater 

quality). Although water well records are usually considered as low-quality data, they still 
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contain useful information, that together with high-resolution records, can help establish 

important aquifer and confining aquitard units. Most water wells are screened in the first 

productive, water bearing horizon, thus the lowest unit in a water well is assumed to represent 

the target aquifer (Bajc and Dodge 2011). MOE water well records, obtained from BW 3D 

model database, provides the depth of each sediment layer in the borehole log with their 

corresponding lithology (Figure 3.6). BW model record documents the primary dominant 

material (PMAT), for instance, sand, silt, clay or diamicton (either silty/clayey or silty/sandy), 

that best describes each layer. The other secondary and/or tertiary materials from the MOE 

record were also included as ‘old terms’ in the BW model database. There are 27 AGG 

overburden wells in BW area, with 22 corresponding records in the MOE database. Thus, the 

borehole sediment logs for 10 bored/dug and 12 drilled wells were drawn using the depth and 

actual lithology from the MOE drilling record. The static water level and screen depth were also 

included in the drawn sediment log collected from either the MOE record in the BW model data 

or the AGG dataset (Figure 3.6). Apparent hydrostratigraphic units are also included along with 

the sediment layer using their top elevation from the model data (Figure 3.6). 
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Figure 3.6: An example of the sediment log (right) associated with an AGG well and modelled 

hydrostratigraphic log (left) drawn up for the purpose of sedimentation style analysis. 

 

3.3.2.2 Hydrostratigraphic column for each AGG well location 

Bajc and Dodge’s (2011) conceptual 3D model developed for the BW area consists of alternating 

aquifers and aquitards comprising the Quaternary glacial sediments that were deposited during 

several episodes of ice advance and retreat. Twenty (20) hydrostratigraphic units (e.g., AFA2, 

ATB1, ATC1 etc.) are presented in this model corresponding to 20 different lithostratigraphic 

layers. The stratigraphic pick table of the BW model database contains information on the 

elevation of the upper surface of these 20 hydrostratigraphic units on a 100 m grid. The 

‘continuous surfaces’ and ‘discontinuous surfaces’ - two CSV files are produced by this model to 

document the 3D location of these 20 stratigraphic units (Bajc and Dodge 2011). The 

‘continuous surfaces’ file provides top elevation of all 20 units as continuous surfaces across the 

study area, which is mostly useful for hydrogeologic modelling. At any location point when a 

particular unit is absent, it is assigned the elevation of the next older unit (Bajc and Dodge 2011). 
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In contrast, the ‘discontinuous surfaces’ file only has the units that are present and their top 

elevation information for that unit (Bajc and Dodge 2011); this was particularly useful for 

drawing hydrostratigraphic columns manually.  

 

3.3.2.3 Interpolation 

Interpolation in ArcGIS was performed for 2 bored/dug and 3 drilled AGG overburden wells for 

which MOE borehole log records were missing (Figure 3.7). Applying the interpolation 

technique was required for these five wells to learn about the top elevation data of 

hydrostratigraphic units, which in turn helped to get the thickness of these units and provided a 

sense of sediment lithology at the exact AGG well locations. At first, the UTM coordinates (x, y) 

and elevation (z) data from four corners of the 100 m grid, surrounding each of those 5 AGG 

water wells, were gathered from the continuous surface elevation model database. Figure 3.7(a) 

shows an example of executing this method in ArcGIS. To get the interpolated elevation for 7 

hydrostratigraphic units at 07-AG-123 drilled well, each hydrostratigraphic unit containing 

elevation data from the four corner locations of the 100 m grid (Figure 3.7a) was imported to 

ArcGIS separately to run the interpolation technique. Inverse Distance Weighted (IDW) 

interpolation method was executed using the Spatial Analyst tool in ArcGIS, since this 

interpolation technique is most suitable when the data points are enough dense to capture the 

extent of local surface variation required for the analysis (Childs 2004; ESRI), and thus the IDW 

method preserves abrupt spatial changes rather than smoothing them out the way Kriging or 

Spline interpolation method does. Input point features were the UTM coordinates and the 

variable to interpolate, i.e., the elevation (Z) data; the power of the distance weighting was 2 and 

the number of surrounding points was 4. The result of IDW appeared as interpolated surface with 

graduated colors (Figure 3.7a), where every pixel holds an individual interpolated value. 

Therefore, the pixel value at 07-AG-123 well location was found as the interpolated elevation for 

the given hydrostratigraphic unit. Using the interpolated elevation information at the exact well 

location (green dot in the Figure 3.7a), an interpolated hydrostratigraphic column was drawn 

(Figure 3.7b). Each hydrostratigraphic unit is assigned with general, yet distinct lithostratigraphic 
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description, hence it can help to get a sense of sediment types that may be present in the well 

borehole. Actual well depth and DEM elevation from AGG dataset, shown by the pink border 

within the hydrostratigraphic column in Figure 3.7b, helps to trace the real position of the water 

well. Static water level was also included from the AGG dataset. The small elevation 

discrepancy between the top surface elevation of the well shown by pink border and the 

modelled hydrostratigraphic log (Figure 3.7b) exists because BW 3D model applied the 

interpolation method using the real stratum elevations to create a Digital Terrain Model (DTM) 

wireframe surface for each stratum (Bajc and Dodge 2011). Thus, the interpolated top stratum 

elevation can show small discrepancies with the provincial DEM (from AGG dataset) that was 

used to identify the well elevation when there is no MOE record. The hydrostratigraphic column 

at the nearest grid point from that water well is shown in left column (Figure 3.7c) 

 

Figure 3.7: Example of (a) the IDW interpolation run showing the elevation (m.a.s.l.) for the 

upper surface of hydrostratigraphic unit AFB1 in ArcGIS, (b) interpolated hydrostratigraphic 

column at exact well location - right column; (c) hydrostratigraphic column at the nearest point 

from water well (in this case upper right corner) - left column. 
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3.3.2.4 Hydrostratigraphic cross-sections 

A total of 10 cross-sections were constructed by correlating specific aquifers and aquitards using 

the drawn hydrostratigraphic columns adjacent to the sediment logs in various directions across 

the study area. Among them, 4 cross-sections are north-south trending, 4 are west-east trending 

and 2 cross-sections in the southwestern part of the BW area cover the Drumlinized Till Plains 

and Drumlins field. The cross-sections throughout the study area provide a sense of the lateral 

continuity of the hydrostratigraphy, i.e., where the layers pinch out, where the layers thicken as 

well as whether any layer is likely to make a good barrier against downward transmission of 

contaminants or whether an erosional window exists to let the groundwater contaminants pass 

into deeper sediments.       

 

3.4 Results 

3.4.1 Observations from the OGS High-Resolution Cored Borehole Logs  

There are 36 high-resolution cored borehole logs (BW-07 and BW-08 series) recorded by OGS 

(Figure 3.8), with the majority of them found in three physiographic features (Till Moraines (11), 

Drumlinized Till Plain (8), and Undrumlinized Till Plain (6)). The other physiographic features, 

such as Kame Moraines, Sand Plains, Spillways have relatively lower number of high-resolution 

boreholes, but still provide valuable insight about sedimentation patterns because they are of 

much better quality than the MOE well records. Cored logs with the lithologic description (Bajc 

and Dodge 2011) are shown with their associated hydrostratigraphic units based on the model 

data for BW area and are organized according to physiographic features (Appendix D). 

In this section, the OGS high-resolution cored borehole logs are analyzed for investigating 

sediment trends that are preserved or eroded beneath individual physiographic feature with 

hydrogeological perspective as well as the sediment-landform assemblages to address the 

research question (i) and (ii). 
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Figure 3.8: Distribution of 36 OGS high-resolution cored borehole logs over different 

physiographic features in BW area. Map created using ESRI ArcMap 10.7 with the OGS 

physiographic data for S-ON (2007) and high-resolution cored logs locations for BW (2010). 

 

3.4.1.1 Drumlinized Till Plain and Drumlin 

There are 8 OGS high-resolution cored borehole located in the Drumlinized Till Plain of the BW 

area (Figure 3.8). These boreholes reach depths of 30-40 m on average, with a minimum and 

maximum depth of 20 and 64 m respectively. Sandy-silty diamicton, interpreted as Catfish Creek 

Till (ATC1), is observed to dominate most of the cored borehole logs from Drumlinized Till 

Plains (Appendix D). Several of the logs show sandy-silty Catfish Creek Till interbedded with 

glaciolacustrine sand and silt beds. BW-07-05, BW-08-02,11 borehole logs show significant 
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interbedding of glaciolacustrine sand and silt with Catfish Creek till deposits (28, 37, and 24 m 

respectively) that introduce relatively high heterogeneity in the sediment pattern. Catfish Creek 

strata have been separated into Upper and Lower Catfish Creek Till (ATC1 and ATC2 

respectively) and intermediate AFC1 sandy glaciolacustrine bed in BW-08-11. However, AFC1 

and ATC2 are found as local isolated hydrostratigraphic unit primarily in cored boreholes and 

quarry exposures, hence they are not considered significant from a regional point of view (Bajc 

and Dodge 2011). Cored borehole logs (BW-07-04, BW-08-04,05) at the southern part show 

comparatively less stratified and 25 to 35 m thick sandy-silty Catfish Creek till deposits, which 

indicate preservation of comparatively older strata through the succession. Additionally, BW-07-

03,05, BW-08-02,04 preserved around 6 to 20 m Pre-Catfish Creek stratigraphy, such as AFD1, 

ATE1, AFF1. The cored logs at the northern part of Drumlinized Till Plains (BW-07-03,05, BW-

08-10,11) have a top layer of clayey-silty diamicton deposited as younger unit, either as 

Tavistock Till or Port Stanley Till (ATB1) (Appendix D). BW-07-05 log showed interbedded 

sand, gravel and silt as well as clay and till deposits representing Erie Phase sediment AFB1 and 

ATB3 respectively, in between Port Stanley and Catfish Creek tills. 

Only one cored log is recorded in Drumlins, which shows an upper 14 m sandy-silty diamicton 

with interbedded glaciolacustrine silt and sand (ATB1), 28 m thick section of stratified sediments 

comprising glaciolacustrine sand and silt (AFB1, ATB3, AFB3), overlying ~29 m of Catfish 

Creek Till (ATC1) and ~6 m of glaciofluvial sand and gravel (AFD1) at the sediment bedrock 

interface (Appendix D).  

In sum, expected till deposits (clayey-silty and/or sandy-silty) are dominantly found as top strata 

ranging from 6 to 35 m, occasionally with minor silt or gravel bed, in most of the logs in 

Drumlinized Till Plain. Only one borehole log in Drumlin also showed 7 m sandy-silty till 

deposits at surface. The fine-textured clayey-silty diamicton of Tavistock and Port Stanley tills, 

that extend as the shallowest strata from 4 to 10 m down below the surface, can provide 

protection from surface contaminations unless they are fractured, which is probable considering 

these tills are fine-grained. The over-consolidated sandy-silty diamicton at shallow depth in BW-

07-04; BW-08-04,05 also indicate a modest barrier to infiltration as well. Older stratigraphic 

units, particularly Catfish Creek Till, were observed to be consistently preserved beneath this 



 

 

106 

 

physiographic feature. However, interbedded permeable sand-silt deposits associated with the 

deeper Catfish Creek Till may create local erosional windows that allow downward movement of 

groundwater. 

 

3.4.1.2 Undrumlinized Till Plains 

There are 6 OGS high-resolution cored boreholes in Undrumlinized Till Plains of the BW area, 

notably in the Stratford Undrumlinized Till Plains (northwest), and Mount Elgin Ridges 

Undrumlinized Till Plains (south-central) (Figure 3.8). These boreholes reach a minimum and 

maximum depth of 21 and 58 m respectively and majority of them range between 48-58 m. 

Cored borehole logs from the NW Stratford Undrumlinized Till Plains (BW-07-01, BW-08-01) 

shows clayey-silty and/or sandy-silty Tavistock Till (ATB1) as top strata with 7 and 22 m 

thickness respectively, which is also associated with glaciolacustrine deposits in BW-08-01 

(Appendix D). 42 m (BW-07-01) and 18 m (BW-08-01) of sandy-silty diamicton from Catfish 

Creek Till (ATC1) are found beneath the Tavistock Till with meter scale units of glaciolacustrine 

deposits that are interpreted as interbeds within Catfish Creek Till. A 7 m thick silty 

glaciolacustrine bed (ATB3) is potentially separating the older Catfish Creek Till from younger 

Tavistock Till in BW-08-01. BW-07-01 log at NW Stratford Undrumlinized Till Plains shows a 

very thin (3 m) stratified sandy aquifer AFB1 unit in between Tavistock and Catfish Creek tills 

(Appendix D), which is interpreted as deposition from a subaquatic fan in an ice-marginal 

environment (Bajc and Dodge 2011). 

Cored borehole logs from the Undrumlinized Till Plains in the south-central BW area (BW-07-

08,16,17) show a similar inconsistent pattern. 2.5 to 10 m Port Stanley Till (ATB1) (instead of 

Tavistock Till) composed of clayey-silty diamicton occurs as top strata often interbedded with 

sandy to silty glaciolacustrine deposits (Appendix D). Like those in the NW Stratford Till plain, 

these younger strata are also underlain by 10 to 16 m sandy-silty Catfish Creek Till (ATC1) and 

these two tills are separated by very thin (1 to 7 m) sandy-silty glaciolacustrine and glaciofluvial 

gravel deposits (AFB1 and ATB3). All three borehole logs from the south-central area have 

remarkable thicknesses of pre-Catfish Creek sediment at greater depth comprising of 29 m 
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stratified older ATE1 Canning Drift (contains diamicton, silt, clay, sand, with minor gravel) at 

BW-07-17, 19 m thick sandy glaciolacustrine deposits (AFF1) sandwiched by 1-2 m thin older 

Canning (ATE1) and Pre-Canning Till (ATG1) at BW-07-16, and ~7 m sandy to gravelly 

glaciofluvial deposits (AFD1?) above very thin Pre Catfish Creek Till (ATE1?) at BW-07-08. 

The one cored hole outside of these two specific till plains (BW-08-06) differs from the others as 

it has very limited interbedded sediments associated with the Tavistock (ATB1) and Catfish 

Creek (ATC1) tills. Rather it has a 20 m thick succession of subaquatic fan deposits (AFB1) and 

glaciolacustrine sediments (ATB3 and AFB3) between these two tills (Appendix D). 

In sum, the shallow stratigraphy found in the borehole logs of Undrumlinized Till Plains are not 

always dominated by till (diamicton), rather interbedded glaciolacustrine deposits are often 

observed to be present with diamicton in the near surface strata. Three borehole logs out of six 

showed 3 to 10 m clayey-silty and/or sandy-silty till as the surface deposits. Other logs have 

interbedded sandy-silty glaciolacustrine sediment at surface. This type of sediment trend with 

small erosional windows created by the permeable deposits leads to high heterogeneity and 

complex local hydrogeology. 

 

3.4.1.3 Till Moraines 

There are 11 OGS high-resolution cored boreholes in Till moraines of the BW area (Figure 3.8). 

These boreholes reach a minimum and maximum depth of 22 and 59 m respectively and seven of 

the logs range between 53-59 m. They show high variability in sedimentation pattern depending 

on their location as well as glacial history. BW-08-08,07 and BW-07-09 boreholes located on the 

most western Ingersoll Till Moraine (Figure 3.8) consist of 12-22 m clayey-silty and/or sandy-

silty Port Stanley Till (ATB1) at surface, 16-29 m sandy-silty Catfish Creek Till (ATC1) at 

depth, and glaciolacustrine sand, silt and clay interbedded within ATB1 and ATC1 as well as 14-

18 m glaciolacustrine sediment separating these two tills by AFB1 and ATB3. Half meter to 6 m 

thin layers of Pre-Catfish Creek strata (AFD1, ATE1) are present overlying the bedrock surface 

(Appendix D). BW-07-07 cored log located in the next St. Thomas Moraine (Figure 3.8) showed 
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10 m clayey-silty Port Stanley Till associated with glaciolacustrine silt at surface (ATB1), 18 m 

sandy-silty glaciolacustrine deposits (AFB1 and ATB3), 16 m sandy-silty Catfish Creek Till 

(ATC1), and 15 m clayey-silty Canning Till interbedded with fine-textured sediments and Pre-

Canning Till (ATE1 and ATG1) (Appendix D).  

South-east of the till plains and along the Norwich Moraine (Figure 3.8), BW-07-10 borehole log 

presents 1 m glaciolacustrine sand (AFB1) near surface and about 19 m thick silty to clayey 

glaciolacustrine deposits (ATB3) above very thin Catfish Creek Till (ATC1) layer, which 

possibly suggests a significant erosional phase following a minor halt of the Erie ice lobe 

(Chapman and Putnam 1984). In the next Tillsonburg Moraine to the SE, (BW-07-18,15,12), 9 to 

18 m Port Stanley Till (ATB1), consists of clayey-silty diamicton sometimes associated with 

sandy-silty diamicton and interbedded glaciolacustrine sediment, is again found as the upper 

most strata; however, relatively thicker 12-34 m of stratified glaciolacustrine sand and silt 

deposits with minor clay (AFB1 and ATB3) are present at depth with much thinner sandy-silty 

Catfish Creek (ATC1) or older tills (ATE1, ATG1) in two cored logs out of three (Appendix D). 

In these two cases BW-07-18 and 07-12, very thin layer of ATC1 Catfish Creek Till exists over 

the bedrock, which may indicate massive erosional phase by the ancient meltwater streams 

associated with Ontario and Erie ice lobes respectively during the following Erie Interstade. 

Unlike these two logs, BW-07-15, located in the middle of Tillsonburg Moraine, contains around 

14 m Catfish Creek Till, clayey glaciolacustrine Canning drift and Pre-Canning drift deposits. 

Further to the south-east and along the eastern edge of the study area, BW-08-15, 07-20,13 (Paris 

and Galt Moraines) consists of ~20-40 m of younger sand-dominated sediment, such as sandy-

silty Wentworth Till (ATA2), Grand River Outwash deposits (AFA2), overlie the Port Stanley 

Till interbedded with glaciolacustrine sand, silt, clay (ATB1) with limited preservation of older 

Catfish Creek Till (ATC1) (Appendix D). BW-07-13 only preserved 2 m of ATC1 Catfish Creek 

Till over the bedrock surface. 4 to 24 m sandy-silty Wentworth Till (ATA2) with interbeds of 

sand and silt is found as the topmost strata in the cored logs along the eastern-most part of BW 

area (Appendix D).  
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In sum, the majority of the borehole logs from Till Moraines contain expected till deposits, either 

clayey-silty and/or sandy-silty Port Stanley Till or sandy-silty Wentworth Till, occasionally with 

thin layers of glaciolacustrine deposits, at the shallow depths of 5 to 15 m from the surface. 

Hence, the shallow sediments of Till Moraines in the BW area were found to be spatially 

inconsistent and heterogeneous. Although Port Stanley Till deposits can act as a good aquitard, 

Wentworth Till, found in the eastern most end moraines, was identified as a leaky aquitard or 

poor aquifer because of its loose, stony, silty to sandy nature and close association with other 

stratified deposits of sand and gravel (Bajc and Dodge 2011). Thus, shallow aquifers underlying 

the Till Moraines along the eastern edge of this region could be more vulnerable to surface 

contamination. The relatively variable thickness of the Catfish Creek Till has implications for the 

protection of the underlying bedrock aquifers, with some areas with much thinner or absent 

Catfish Creek Till being more vulnerable to contamination.  

 

3.4.1.4 Kame Moraines 

There are 3 OGS high-resolution cored boreholes in Kame Moraines of the BW area (Figure 3.8) 

with depths of 56, 66, 85 m to the bedrock surface. BW-07-21 and 08-09 are located on the 

south-western extension of Waterloo Moraine, and BW-08-03 borehole log is along the western 

most edge of BW area (Figure 3.8). In these borehole logs, 8 to 22 m thick important subaquatic 

fan deposits, i.e., stratified sand and gravel beds (AFB1) are referred to as the Waterloo Moraine 

aquifer, followed by 11 to 14 m silty-sandy or silty-clayey interbedded glaciolacustrine deposits 

(ATB3 and AFB3). These Erie-phase sediment successions are sandwiched by upper very thin 

layer (1-3m) of sandy-silty Tavistock/Port Stanley Till or silty glaciolacustrine deposits (ATB1) 

at the surface and 9 to 36 m Catfish Creek Till at depth associated with interbedded 

glaciolacustrine sand, silt, clay deposits (ATC1). Older 13 to 22 m pre-Catfish Creek clay 

dominated glaciolacustrine deposits and sandy-silty tills (ATE1, ATG1) as well as sandy 

glaciolacustrine and glaciofluvial gravel beds (AFD1 and AFF1) occur at greater depths above 

the bedrock surface (Appendix D). 
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In sum, all three of the logs have significant stratified sand and gravel beds with minor silt and 

till having thickness of around 10 to 21 m in the uppermost part of the stratigraphy, which is 

consistent with the major characteristic of Kame Moraines (Barnett 1992; Bajc and Shirota 

2007). These kinds of deposits can act as a complex, though still important, aquifer system. 

Although those permeable coarse-grained sediment at surface can facilitate transfer of surface 

contaminants into groundwater, lower less permeable older tills and fine-grained glaciolacustrine 

deposits may hinder further downward migration. 

 

3.4.1.5 Spillways 

There are 3 OGS high-resolution cored boreholes in Spillways of the BW area (Figure 3.8) with 

depths of around 29, 33 and 66 m. A very thick unit of stratified sand beds (~55 m) deposited by 

subaquatic fan (AFB1) at the NE of BW area, also known as Waterloo Moraine aquifer, is shown 

in BW-07-19, in between thin layers of upper 4 m Grand River outwash gravelly sand (AFA2) 

and lower 6 m Catfish Creek Till (ATC1) (Appendix D). In BW-08-12, 15 m thick Grand River 

outwash deposits (AFA2) is found to be laid down directly on sandy-silty till interbedded with 

glaciolacustrine silt-clay, that is possibly older Catfish Creek Till (ATC1?), which indicates 

either significant erosion occurred by meltwater streams or non-deposition and subsequent 

deposition of younger coarser gravel and sand (Appendix D). In BW-07-14, upper 19 m is 

dominated by coarse grained sediments of glaciolacustrine and Grand River outwash origin 

(AFA2), whereas the bottom 14 m consists of 10 m glaciolacustrine deposits (ATB1) overlying 

Catfish Creek Till and associated gravelly sand (ATC1) (Appendix D). The variability in 

existence of older tills or glaciolacustrine sediments is observed depending on location and 

glacial events. 

In sum, Grand River outwash deposits (AFA2) consisting of sand and gravel with minor silt bed, 

are clearly found within the upper strata in all three borehole logs with thickness of 4 to 15 m, 

which is consistent with typical sedimentation style predicted under Spillways (Chapman and 

Putnam 1984). In BW-07-19, ancient Grand River stream deposits (AFA2) cut across thick 

Waterloo Moraine subaquatic fan deposits (AFB1), together forming around a 59 m thick sandy-
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gravelly aquifer. Hence, the sand- and gravel-dominated sedimentation style in the shallow 

subsurface of Spillways suggests favorable condition for local groundwater flow and 

contaminant transport to depth. Catfish Creek Till thickness also varies between the three holes 

suggesting that erosional windows to the underlying bedrock aquifers are possible.  

 

3.4.1.6 Sand Plains 

There are 3 OGS high-resolution cored boreholes in Sand Plains of the BW area (Figure 3.8), 

having variable depths, e.g., 15, 42, 55 m. BW-07-11 log, located in between Norwich and 

Tillsonburg moraines, consists of 11 m thick silty to clayey glaciolacustrine deposits (ATB3) 

along with each ~1m of glaciolacustrine sand (AFB1) and Port Stanley Till (ATB1) at top and 

very thin Catfish Creek Till (ATC1) at the bottom (Appendix D). This borehole log shows a 

similar sediment pattern to the nearby BW-07-10 located on the Norwich Moraine (Figure 3.8), 

despite its location in a different physiographic feature. BW-08-14 (in between Paris and Galt 

moraines) and BW-08-13 (in between Tillsonburg and Paris moraines) consists of a thick (18-21 

m) upper unit of stratified ice marginal fan (glaciofluvial) sand and gravel associated with 9-17 

m thick pile of sandy glaciolacustrine deposits (AFA2) (Appendix D). In both cases, a 4-6 m 

thick layer of older Catfish Creek Till (ATC1) exists at the bedrock sediment interface 

(Appendix D), which suggests extensive erosion occurred before the deposition of a thick pile of 

sand by the ancient meltwater streams associated with Erie-Ontario ice lobes. 

In sum, two of the borehole logs (BW-08-13,14) show ice proximal sand and gravel dominated 

near surface stratigraphy with thickness of 18 to 38 m as predicted in Sand Plain. This allows 

relatively easy recharge through the less heterogeneous strata in this part of the study area, but at 

the same time makes it vulnerable to infiltration of surface contaminants as well. 
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3.4.1.7 Clay Plains 

There is only one OGS high-resolution cored boreholes in a localized Clay Plains surrounded by 

till plains in the NW part of the BW area (Figure 3.8). About 33 m deep borehole log shows 6 m 

clayey-silty Tavistock Till (ATB1) and 27 m thick pile of sandy-silty Catfish Creek Till 

associated with fine-textured glaciolacustrine deposits (ATC1) that overlying the bedrock surface 

(Appendix D). This borehole log is located very close to the edge between localized clay plain 

and till plain; the predominance of till at depth more consistent with Till Plain physiography 

suggest that the mapping of physiographic features may be erroneous for this particular site. 

 

3.4.2 Observations from the Hydrostratigraphic Cross-Sections 

The cross-sections drawn by using the modelled hydrostratigraphic logs adjacent to the AGG 

overburden water wells help to get a sense of the general trends of strata and lateral connections 

of aquifers and aquitards throughout the BW area (Figures 3.9 and cross sections). Cross sections 

are analyzed to better understand the influence of heterogeneity and lateral connectivity at the 

km scale within the subsurface of this area. 

This section includes the analysis of sediment trend, i.e., the preservation or erosion of 

hydrostratigraphic units beneath different physiographic features, which addresses the research 

question (i), i.e., is there any particular sedimentation style under certain physiographic features? 
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Figure 3.9: Cross-section lines through AGG overburden bored/dug and drilled wells covering 

different physiographic features and surficial till formations in BW. Map created using ESRI 

ArcMap 10.7 with the OGS AGG dataset (2015) and surficial geological data (2010) for S-ON. 

 

Six cross-sections through AGG overburden wells out of nine, have been chosen to highlight the 

significant findings below. These cross sections show the subsurface stratigraphy trending from 

west to east using cross-section 1, 7, 8, 9 and from north to south using cross-section 5, 6. 

Moreover, cross-section 2(a) is examined to analyze the trends under Drumlinized Till Plains. 

The west to east cross-sections highlight the variability of the glacial sediments of the BW area 

associated with the two different ice lobes, (i.e., Huron lobe from NW and Erie-Ontario ice lobes 

from SE) and their associated meltwater streams. The north-south trending cross-sections exhibit 
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the difference in glacial sediments that were deposited in the central vs eastern part of the study 

area associated with specific glacial events. 

 

3.4.2.1 West to East cross-sections (1, 7, 8, 9) 

Cross-section 1, 7, 8, 9 are approximately west to east trending (Figure 3.9) and mainly show the 

lateral replacement of older hydrostratigraphic units (e.g., ATC1 Catfish Creek Till aquitard) 

with younger units (e.g., ATA2 Wentworth Till aquitard) from west to east (Figure 3.10).  

Cross-section 1 encounters four types of physiographic features at the northern portion of BW 

area (Figure 3.10) including Undrumlinized and Drumlinized Till Plains (4 bored wells, 1 drilled 

well), a localized Clay Plains (1 bored well), on the northwest and north side of the study area as 

well as Spillways (2 drilled wells) to the northeast. In cross-section 1 (Figure 3.10), ATC1 

Catfish Creek aquitard and bedrock interface AFD1 Pre-Catfish Creek aquifer is observed at 

depth under the till plains in the northwest side of the interlobate line. ATB3, Lower Erie Phase 

aquitard is observed to be consistent from west to east lying over the older tills. AFB1 Upper 

Erie Phase aquifer appears as the shallowest aquifer for most of the wells. Exception is drilled 

well 10-AG-154, which has its well screen within the deeper AFB3 Lower Erie phase aquifer. 

ATB1 aquitard at the surface of northwestern till plains, which is known as Tavistock till (Figure 

3.9), look moderately consistent, though it shows relatively lower thickness, and disappears at 

well 10-AG-154. However, ATB1 strata is found again at depth beneath younger ATA2 

Wentworth Till in the northeast well 10-AG-214 perhaps as Port Stanley Till (Figure 3.9; Figure 

3.10). Erosion at several phases possibly occurred by meltwater streams at this 10-AG-154 

drilled well location, and probably eroded older ATC1 and later younger ATB1, leaving behind 

gravel and sand beds.  

Cross-section 7 goes across the middle of the study area through wells mainly located in 

Spillways (Figure 3.9). In Cross-section 7 (Figure 3.11), ATC1 Catfish Creek aquitard is 

common at depth in three western and central wells (07-AG-106, 121, 123) of the study area but 

gets eroded out towards the east, with only the overlying ATB3 Lower Erie aquitard lying 
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directly over the bedrock interface at the eastern two wells (07-AG-184, 10-AG-214). Unlike the 

northern part of the area, Pre-Catfish Creek aquifer AFD1 is missing at the sediment bedrock 

interface. Upper Erie Phase aquifer AFB1 is found through three wells in the central part of the 

area and occurs a bit deeper there. Surficial till ATB1 is represented by Tavistock Till at the 

western well 07-AG-106 and by Port Stanley Till at the eastern 07-AG-123, 184 wells (Figure 

3.9). Surficial till formation map (Figure 3.9) and cross-section 7 (Figure 3.11) both suggest that 

the 07-AG-121 drilled well is perhaps located in an interlobate area between ancient NW Huron 

ice lobe and SE and E Erie-Ontario ice lobes, which might have resulted in the erosion of ATB1 

till and later deposition of younger AFA2 sand bed.  

Cross-section 8 and 9 mainly shows the lateral trends among wells in Till Moraines and 

associated Undrumlinized Till Plains and Sand Plains starting from the south-central to the 

southeast of the area (Figure 3.12, 3.13). Both cross-sections 8 and 9 demonstrate high 

heterogeneity through horizontal strata as well as along vertical sediment pattern, specifically for 

Till Moraines (Figure 3.12, 3.13). Older series of stratigraphy, e.g., ATC1, ATB3, AFB1, 

gradually disappear toward east and younger aquifers and aquitards, such as, AFA0, ATA1, 

ATA2 begin to show up above AFA2 Grand River and equivalent aquifer.  

Based on these four cross-sections, moving towards east, some hydrostratigraphic units are 

absent at depth likely due to the erosional power of meltwater streams or till sheets that overrode 

this area and removed intervening older aquifers and aquitards. The very thick deposition of 

relatively younger unit (Grand River aquifer AFA2) towards southeast of the BW area might be 

associated with ancient streams draining to, and then deltas on, the Norfolk Sand Plain. 
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Figure 3.10: Cross-section 1 showing west to east trending lateral strata in the northern part of BW area 
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Figure 3.11: Cross-section 7 showing west to east trending lateral strata in the central part of BW area 
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Figure 3.12: Cross-section 8 showing west to east trending lateral strata in the southeastern part of BW area 
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Figure 3.13: Cross-section 9 showing west to east trending lateral strata in the southeastern part of BW area 
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3.4.2.2 North to South cross-sections (3, 4, 5, 6) 

Cross-section 3, 4, 5, 6 are nearly north-south trending (Figure 3.9).  

In cross-section 3 and 4 in the central part of the study area, most hydrostratigraphic units are 

laterally continuous despite having wells from different physiographic features (Appendix Fig. 

C4, C5). AFB1 is the main aquifer in both cases. ATB1, ATB3, ATC1 strata are continuous 

through most wells in both cross sections, except for one remarkable pinch out of ATB1 aquitard 

at drilled well 07-AG-121 location in cross-section 3 and the very reduced thickness of ATC1 in 

07-AG-148 in cross section 4 (Appendix Fig. C4 and C5) 

Cross-section 5 has overburden wells on Kame Moraines, Spillways and Till Moraines (Figure 

3.14). Thick Catfish Creek aquitard unit ATC1 is only displayed in the hydrostratigraphic 

column near the drilled well of Kame Moraine (10-AG-261) to the north, then absent in next two 

wells, and again appeared at the well 07-AG-186 with a thin layer in Till Moraine further to the 

south (Figure 3.14). Pre-Catfish Creek sediments are also found in the two northern wells (10-

AG-261, 214) lying below ATC1 and above bedrock. Post-Catfish Creek till Lower Erie Phase 

aquitard ATB3 and Upper Erie Phase aquifer AFB1 are consistently present from north to south 

despite variable thickness. In general, lateral discontinuity of the older strata is more noticeable 

among the wells on Till Moraines toward the south, probably because of the major erosion by the 

ancient meltwater streams, but AFB1 remains the major aquifer throughout the cross section.  

The sediment log from drilled well 10-AG-261 on Kame Moraines shows about 25 m of clay as 

the topmost layer that does not actually match with the adjacent hydrostratigraphic log that 

features unit AFB1 (Figure 3.14); this is the only inconsistency between sediment and 

hydrostratigraphic log within the whole BW area. MOE records of this well show clay as the 

primary material, which is indicated in the sediment log (Figure 3.14); sand is secondary, and silt 

is the tertiary material. One possibility is that these three variably textured materials are from a 

series of stratified sediment layers, which could be oversimplified to only clay in the sediment 

log information by the drillers as suggested by Russell et al. (1998). This well also has an 
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unusually very thick succession of Quaternary sediment over bedrock, likely due to its location 

on the Waterloo Moraine - a positive relief feature in this area (Figure 3.1).  

Cross section 6, located along the eastern edge of the study area, is significantly different from 

the other north-south cross sections in the study area in that a large majority of the succession 

records Post-Port Bruce phase sedimentation (AFA2 and younger units) (Figure 3.15). ATB1 

Port Bruce Phase aquitard, which is extensively continuous as upper strata across most of the 

western two-thirds of the study area as shown in other cross sections, is either buried beneath the 

modern fluvial sediments (hydrostratigraphic units AFA2, ATA2, ATA1, AFA0) or does not 

exist in the subsurface over bedrock along the eastern edge of BW area. There is also no ATC1 

Catfish Creek Till in this area. A massive thick pile of AFA2 Grand River and equivalent aquifer 

sediment is observed around the drilled wells 10-AG-092, 094 from Till Moraines and Sand 

Plains respectively towards the south. ATA2 Wentworth Till is commonly found in eastern wells 

either at surface or in the subsurface (Figure 3.9 and 3.15).  

In general, cross-section 3, 4, 5 that approximately go through the central parts of BW showed 

that most of the hydrostratigraphy at depth is laterally continuous across different physiographic 

surfaces from north to south. In cross-section 6, Norfolk Sand Plain, the prominent 

physiographic feature to the SE of Brantford-Woodstock area (Figure 3.1), is basically where the 

streams were draining into the adjacent high lakes that eroded and/or reworked the pre-existing 

tills and other units and consequently younger glaciofluvial and glaciolacustrine deposits formed 

the majority of the Quaternary stratigraphic succession. 
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Figure 3.14: Cross-section 5 showing north to south trending lateral strata in the eastern part of BW area 
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Figure 3.15: Cross-section 6 showing north to south trending lateral strata in the eastern part of BW area
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3.4.2.3 Drumlinized Till Plain cross-sections (2(a) and 2(b)) 

Cross-section 2(a) and 2(b) principally cut through the Drumlinized Till Plains and Drumlin field 

near Woodstock that was mainly formed by the NW Huron ice lobe (Bajc and Dodge 2011) and 

is located SW of the interlobate zone (Figure 3.9; Figure 3.16).  

The Catfish Creek Till aquitard (ATC1) is a significant laterally continuous thick and older strata 

found at depth in the subsurface of Drumlinized Till Plains and associated Drumlins field (Figure 

3.16). Pre-Catfish Creek aquifer (AFD1) and Canning Till aquitard (ATE1) are also found in 

variable thicknesses throughout the area. Lower Erie Phase aquitard ATB3, above ATC1, shows 

occasional pinching out and thinning out of strata at some well locations. Lower Erie Phase 

deeper aquifer AFB3 is seen with a considerable thickness only at bored well location 07-AG-

017 in cross-section 2(b). AFB1 Upper Erie Phase aquifer appears as the main aquifer through 

the 2(a) cross-sectional area, although it is seen to be thinning out at well location 07-AG-007 

within this Drumlinized Till Plains, where the drift thickness is much less. The Port Bruce Phase 

aquitard ATB1 (Tavistock Till (NW Huron ice lobe) in Figure 3.9) is extensively found as the 

top strata in this Drumlinized Till Plains and Drumlins (Figure 3.16).  

The succession of hydrostratigraphic units in Drumlinized Till Plain of BW area shows the 

predominance of till, particularly older ATC1 Catfish Creek Till, being preserved as well as 

variable depth to bedrock. Upper ATB1 clayey to silty Tavistock Till appears to be extensively 

distributed throughout the till plain (Figure 3.16), thereby providing better protection to the 

major underlying aquifer AFB1 similar to cross section 7 (Figure 3.11) and unlike cross sections 

1, 8 and 5 where the aquifer is often unconfined (Figure 3.10, 3.12, 3.14).
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Figure 3.16: Cross-section 2a & 2b showing lateral trends of strata within Drumlinized Till Plains in the southwestern part of BW area
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3.4.3 Groundwater Quality in the Brantford-Woodstock Area 

This section provides the overview of groundwater quality constituents in the BW area in the 

context of the subsurface geology identified in the cross-sections (section 3.4.2) to address the 

research question iii. 

High arsenic above MAC (>10 μg/L) is found in groundwater of three drilled wells, 07-AG-009 

and 07-AG-007 in Drumlinized Till Plain and 07-AG-041 in Till Moraines within BW area 

(Figure 3.3). Assuming the well screen location corresponds to the bottom of the well (where 

pink border indicates the well position in the logs) (Figure 3.16), well 07-AG-009 is getting 

water from the interbedded aquifer of younger ATB1 aquitard unit whereas 07-AG-007 is 

probably getting water from either the interbed aquifer within the older ATC1 Catfish Creek Till 

or the AFD1 Pre-Catfish Creek aquifer (Figure 3.16). The 07-AG-041 well screen is placed in 

the deeper AFC1 Catfish Creek aquifer, instead of the younger AFB1 unit (Figure 3.12, 3.13). 

These arsenic-affected deeper aquifers could be influenced by the underlying bedrock geology, 

which is consistent with the findings at the regional scale (see chapter 2, section 2.4.2.1).  

Elevated manganese above AO standard (20 μg/L) is observed in 10 drilled wells out of 15 and 

in 3 bored wells out of 12 in the BW area; these are found in Drumlinized and Undrumlinized 

Till Plains, Spillways, Till Moraines and Clay Plains, (Appendix Fig. C2, C3). This distribution 

regardless of physiography is consistent with the analysis done for the entire southern Ontario 

region (chapter 2). Manganese (above AO) impacted overburden wells are dominated by clay 

and/or clayey-silty diamicton sediment types (Figure 3.10, 3.11, 3.12, 3.14, 3.16) with only one 

exception- the drilled well 07-AG-121 on Spillways completed in an unconfined sandy aquifer 

combining AFB1 and AFA2 unit (Figure 3.11). However, manganese levels in groundwater of 

all AGG overburden wells in BW are below MAC standard 120 μg/L. In contrast, some sand- 

and/or gravel-dominated overburden wells are seen to have non-detected manganese (Appendix 

Fig. C2, C3; Figure 3.10, 3.14, 3.15).  

Elevated nitrate above MAC (>10 mg/L as N) is found in 4 water samples from 3 bored wells – 

07-AG-186 on Till Moraines, two samples 08-AG-009 and 016 collected from the same well at 
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different depths on Undrumlinized Till Plains and at 07-AG-106 on Spillways, which represents 

spring water at or very close to the surface (Figure 3.4; OGS AGG dataset, 2015). Among them, 

07-AG-186 and 07-AG-106 overburden wells are completed in unconfined sandy AFB1 and 

gravelly AFA2 aquifer respectively. The 08-AG-009/016 well is also completed in the laterally 

continuous AFB1 aquifer with a thin layer of clay at the top. In all cases, nitrate is most likely 

entering into the groundwater system from surface contaminants, commonly releasing from 

fertilizer, animal waste, or septic, which is also compatible with the results from regional scale. It 

should be noted that none of the drilled wells in the BW study area have high nitrate above the 

MAC. 

Distribution, occurrence and absence of arsenic, manganese, and nitrate in the AGG overburden 

wells over seven different physiographic features in Brantford-Woodstock indicate that this local 

scale study area is representative of the regional trends of these groundwater quality constituents. 

 

3.5 Discussion 

3.5.1 Glacial History and its impact on Erosion, Deposition, and Sediment 

Architecture in the Brantford-Woodstock Area 

Variable glacial depositional processes associated with ice lobes coming from different 

directions built a diverse physiographic landscape along with heterogenous subsurface 

stratigraphy across the BW study area (Barnett 1992). The last Wisconsin glaciation, 

deglaciation and post-glaciation meltwater chiefly created the present-day physiographic features 

in the study area, such as, till plains, drumlins, moraines, abandoned spillways, and sand and clay 

plains (Chapman and Putnam 1984). Based on various glacial events and subsequent erosion and 

preservation of strata, the shallow stratigraphy of those landforms may contain till deposits laid 

down directly by the ice sheet, sand and gravel deposited by meltwater streams from glacier, and 

the glaciolacustrine clay, silt, sand deposited in lakes that formed during the recession of the ice 

sheet (Chapman and Putnam 1984). Since many water wells are completed in deeper overburden 

sediments (Chapman and Putnam 1984; Singer et al. 2003), it is also important to study the 
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underlying strata to determine whether they are consistent with the shallow sediment succession 

or are more closely related to the previous ice advances and retreats. 

The oldest Quaternary sediment, Pre-Catfish Creek stratigraphy (AFD1, ATE1, AFF1, ATG1), 

are locally found at greater depths in the OGS high-resolution cored logs located mostly in the 

central and some of the western-central part of the study area (Figure 3.8; Appendix D). Except 

for 07-AG-007, none of the AGG overburden wells reach deeper Pre-Catfish Creek AFD1 

aquifer (Figure 3.10, 3.16; Appendix Fig. C4, C5). In the absence of AFF1, variably textured 

ATE1 Canning Till, often combined with ATG1 Pre-Canning drift, lies over the bedrock surface 

in some places (Appendix D), and prevents mixing of highly mineralized formational water at 

bedrock interface with the Pre-Catfish aquifers (Bajc and Dodge 2011). One exception to this is a 

significant thickness (approximately 20 m) of AFF1 aquifer unit found in BW-07-16 on the 

south-central Undrumlinized Till Plain (Appendix D), which might be interpreted as local 

outwash deposits related to the Canning ice (Krzyszkowski and Karrow 2001). This appears to 

have been protected from later glacial erosion and locally preserved because of its deposition 

within a small buried bedrock valley on the Salina Group bedrock surface (Bajc and Dodge 

2011). In sum, because of their more local occurrence, AFF1 and ATG1 do not show up in the 

general trends of the cross-sections. 

Catfish Creek Till (ATC1) is known as a regional marker throughout southern Ontario that was 

deposited by a regional Catfish Creek ice sheet (Karrow 1988; Bajc and Dodge 2011; Arnaud et 

al. 2018). The main glacial advance during this period deposited a number of till beds, 

sometimes with proglacial glaciofluvial and glaciolacustrine sediments (Krzyszkowski and 

Karrow 2001). Important fine-grained glaciolacustrine interbeds of variable thicknesses within 

the Catfish Creek Till, possibly formed by the repeated ice advances and retreats during the main 

Stadial phase, are found beneath most physiographic features in the north-western BW area 

(Appendix D). The number of interbedded silt and sand deposits and the variability in the nature 

and thickness of these stratified deposits within the Catfish Creek Till interval suggests lateral 

facies changes that may be important hydrogeologically at a local scale. South-western cored 

logs on Drumlinized Till Plain are found mostly to preserve thick Catfish Creek Till near surface 

suggesting either erosion or non-deposition of younger deposits (BW- 07-04, 08-05 in Appendix 
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D). This sediment trend, less lateral thickness changes in till beds, may indicate less 

heterogeneity from a local hydrogeological prospective. However, other adjacent SW cored logs 

showed relatively less thick Catfish Creek Till with overlying younger tills and stratified 

sediments suggesting that the Catfish Creek Till might have been reworked and overlain by 

sediments associated with late Huron ice and associated meltwater stream and local lake basins 

(e.g., in BW-08-06 on Undrumlinized Till Plain, BW-07-09 on Ingersoll Moraine, and BW-07-

06 on Drumlin in Appendix D). This type of lateral facies changes also increases the degree of 

sediment heterogeneity. Cross-section 1, 2a, 2b, 3 created from the modelled data shows a thick 

succession of ATC1 mostly in the northern, north-western, and south-western part of BW area, 

regardless of physiographic features. This extensive unit may protect the underlying water-

bearing stratigraphy at a regional scale, though local erosional windows generated by 

interbedded sediments may affect this protective layer. 

Subsequent deposition of Lower Erie Phase aquitard ATB3 and Upper Erie Phase aquifer AFB1 

occurred in the expansive waterbodies associated with the ice-walled glacial lakes as well as 

subaquatic fans (Bajc and Dodge 2011), which are found in most of the cored logs overlying the 

ATC1 Catfish Creek Till throughout the study area (Appendix D). From a hydrogeological point 

of view, ATB3 and AFB1 units represent important continuous aquitard and aquifer, 

respectively, throughout the BW area as was observed from both cored logs (Appendix D) and 

interpreted with cross-sections (Figure 3.10, 3.11, 3.14 and Appendix Fig. C4, C5). Sandy Lower 

Erie Phase aquifer AFB3 found very occasionally below ATB3 aquitard, sometimes may act as 

local deeper aquifer, e.g., in BW-07-06 on Drumlin (Appendix D) and AGG drilled well 10-AG-

154 on Spillways, 10-AG-261 on Kame Moraine (Figure 3.14). 

Following this Erie Interstadial period, a final ice advance event brought Tavistock Till (Huron 

ice lobe from the northwest) and Port Stanley Till (Erie-Ontario ice lobe from southeast) 

(Krzyszkowski and Karrow 2001); both are Port Bruce Stadial tills and represent ATB1 aquitard 

in the BW area (Bajc and Dodge 2011). Variably textured ATB1 is chiefly composed of clayey-

silty diamicton, sometimes sandy-silty diamicton, which was probably related to overriding the 

previously deposited sediment (Bajc and Dodge 2011; Appendix D). Glaciolacustrine silt and 

clay that are often associated with Port Stanley and Tavistock Till (Appendix D), are thought to 
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be deposited proglacially in a deep lake setting during the minor recessions of Erie–Ontario ice 

lobe to the east and Huron ice lobe to the north-west (Bajc and Dodge 2011). Fine-grained tills 

and glaciolacustrine sediments made ATB1 an important and regional upper aquitard system in 

the most western parts of the study area (Figure 3.10, 3.11, 3.12, 3.13). 

Subsurface sedimentation trends in the south-eastern part of BW area shows quite a distinct 

picture both laterally (Figure 3.12, 3.13, 3.15) and vertically (e.g., BW-07-20, 07-13,14, BW-08-

13,14 in Appendix D). Massive erosional reworking of previous sediments took place by the 

meltwater streams, followed by deposition of AFA2 glaciofluvial sand and gravel, sometimes 

with sandy glaciolacustrine deposits in relatively low energy environment (Bajc and Dodge 

2011). This coarse-grained AFA2 unit constructed near surface productive aquifer at the south-

east portion of BW area which is likely to be affected by surface contaminants at some locations 

where the aquifer is unconfined. 

A readvance of the Erie-Ontario ice lobes laid down variable thicknesses of younger sandy-silty 

Wentworth Till (ATA2) over the AFA2 aquifer unit to the northeast and southeast of BW area. 

Good examples are shown in three cored logs of Paris and Galt Moraines (Appendix D). 

However, unlike other tills in this study area, ATA2 Wentworth Till probably behaves as a leaky 

aquitard or poor aquifer because of its coarse texture, loose compaction, and presence of stones 

(Bajc and Dodge 2011), likely related to the reworking of the underlying outwash deposits.  

The observation of the sedimentation styles from the OGS high-resolution cored borehole logs 

and anticipated past glacial environments from literature clearly demonstrated that the glacial 

history of BW area plays a vital role in determining the subsurface trends that are preserved or 

eroded under each physiographic feature. Western Till Plains and Till Moraines were seen to 

dominantly preserve older hydrostratigraphic units, whereas eastern Till Moraines and Sand 

Plains were observed to contain more younger units along with either thin or no older Catfish 

Creek Till at depth, indicating major erosional events by ancient meltwater streams in this part of 

the BW area. Moreover, regional aquitards, such as ATC1 and ATB1, can have erosional 

windows created by interbedded permeable sediments makings some of these places 
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hydrogeologically important in the context of groundwater flow or contaminant pathways within 

the study area. 

 

3.5.2 Sediment-Landform Assemblages in the Brantford-Woodstock Area 

The depth to which the expected sediment pattern is consistent with the surface physiography, 

can provide an understanding to predict the implication of physiography and to consider it as a 

factor for groundwater study. 

Drumlinized Till Plains typically consist of till deposits, sometimes associated with stratified 

sediments (Barnett 1992), which is consistent with the sediment trend found in Drumlinized Till 

Plain and Drumlin in BW area. Till deposits (either ATB1 Tavistock/Port Stanley or ATC1 

Catfish Creek) dominantly occurred as upper strata to the depth ranging from 6 to 35 m 

(Appendix D), which may hinder easy infiltration and provide better protection from surface 

contamination. Unlike Drumlinized Till Plains, Undrumlinized Till Plains (north-west and south-

central in Figure 3.1) showed less consistent till deposits (around 3 to 10 m in three cored logs 

out of six) in the shallow subsurface; instead, interbedded glaciolacustrine sand, silt, clay with 

till occur as top strata (Appendix D). This sediment heterogeneity makes the shallow 

groundwater flow system more complex to predict. 

Moraines can contain either till, which is deposited by the glacier (Till Moraines), or stratified 

gravel and sand deposited from meltwater at multiple interacting ice fronts (Kame Moraines) 

(Chapman and Putnam 1984). Different scales of sediment heterogeneity, both horizontally and 

vertically (Barnett 1992), may occur in the subsurface across Till Moraines either because pre-

moraine deposition is preserved or because of the dynamic and variable nature of ice marginal 

environments and associated depositional processes as the ice retreats (Arnaud et al. 2018). This 

is consistent with the high-resolution cored logs from Till Moraines in the BW area (Appendix 

D) and other studies of end moraines in the region (e.g., Arnaud et al. 2018). The westernmost 

Ingersoll moraine showed 10-13 m till from the surface, whereas moraines to the SE contain 

variable thicknesses of upper till ranging from 2 to 15 m, and several with interbedded sand or 
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silt (Appendix D). Texture of till deposits also changed from west to east direction, clayey-silty 

tills (ATB1) are dominant toward western moraines, whereas younger sandy-silty tills (ATA2) 

are found in most eastern Paris-Galt Moraines (Appendix D). This variability within sediment 

succession of end moraines make it difficult to predict groundwater occurrence as well as 

groundwater flow or contaminant transport.  

Kame moraines, sometimes referred as interlobate moraines, can also form complex and erratic 

sediment sequences (Barnett 1992), which in turn develop complex aquifer-aquitard system 

(Singer et al. 2003). The shallow stratigraphy of the Kame Moraine that exist in BW area showed 

10 to 21 m stratified sand and gravel with minor silt and subglacially deposited till, which is 

fairly consistent with literature and provides significant aquifers (Chapman and Putnam 1984; 

Barnett 1992). However, due to high lateral variability within the coarse-grained layers, detailed 

study is required for Kame Moraines. 

Spillways found in the study area cut across other physiographic features and pre-existing strata 

due to erosion by ancient meltwater streams. Upper stratigraphy of Spillways in BW area usually 

consists of Grand River outwash deposits with variable thickness; excellent example is observed 

in BW-08-12 with 15 m stratified gravel and coarse sand. Other two cored logs in Spillways also 

showed thick pile of sand and gravel including either Waterloo Moraine subaquatic fan deposits 

or glaciolacustrine sand with Grand River outwash deposits. Sand Plains are composed of 

glaciofluvial outwash sediments usually deposited by broad, shallow braided glacial meltwater 

stream channels near the ice front, and sometimes by broad deltas as streams reach glacial lakes 

(Barnett 1992). Two OGS cored logs out of three demonstrated thick interbedded sand and 

gravel deposits at surface and down to 18 and 38 m at depth, which is characteristics of common 

Sand Plains. Because of the presence of thick sand-gravel beds, both Spillways and Sand Plains 

are well-known for having water-bearing stratigraphy though these unconfined aquifers may be 

particularly vulnerable to contaminants. In addition, aquifers in Spillways are mostly isolated 

along the stream valleys, whereas Sand Plains can create relatively large-scale aquifer systems. 
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3.5.3 Impact of Quaternary Geology on Local Groundwater Quality in the 

Brantford-Woodstock Area – Natural and Human-Induced Sources 

Some contaminants may release naturally from sediments and some are from human activities, 

but the subsurface architecture is expected/hypothesized to influence not only the transmission 

and retention of contaminants but also on potentially diluting both natural and anthropogenic 

contaminants in groundwater. As discussed above, while the shallow subsurface of each 

physiographic unit is relatively consistent with what is expected based on landform sediment 

assemblages, the relatively deeper subsurface of BW area is more heavily influenced by previous 

periods of ice advance and retreat, and meltwater erosion, rather than the physiographic settings.  

The Quaternary geology of BW area determines the distribution of aquitards such as the Port 

Bruce and Nissouri phase tills that may provide protection to underlying aquifers, though 

erosional windows associated with subglacial interbeds or post-glacial glaciofluvial erosional 

processes occur in several locations. The shallow erosional windows together with the coarse 

grained glaciofluvial deposits that are commonly associated with them make some locations 

more vulnerable to surface contamination. Natural impacts on groundwater quality can also 

come from the underlying bedrock when water wells are completed near or at the sediment 

bedrock interface and from the bedrock clasts that have been reworked into overburden aquifers. 

In this section, the wells impacted by arsenic, manganese and nitrate are examined to explore the 

local geological influence on groundwater quality and the potential for impacts to affect other 

wells nearby.  

 

3.5.3.1 Arsenic 

There are three overburden drilled wells in BW area having high arsenic above MAC (Figure 

3.3). Monitoring well 07-AG-007 on Drumlinized Till Plains is drilled down almost to the 

bedrock surface through the entire overburden thickness (Figure 3.16). Interpolated 

hydrostratigraphy at this well location depicts this well is getting water from either a thin aquifer 

layer within the older ATC1 Catfish Creek Till unit or underlying AFD1 Pre-Catfish Creek 
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aquifer, which directly rests on the bedrock surface of Middle Devonian Lucas Formation 

(Figure 3.3; 3.16). Well 07-AG-041 on Till Moraines also has its well screen placed in a deeper 

and older aquifer (AFC1) associated with ATC1 overlying the subcropping bedrock Upper 

Silurian Bass Islands Formation (Figure 3.3; 3.12). Upper Silurian Bass Islands Formation and 

Middle Devonian Amherstburg Formation both contain bituminous dolostone and limestone 

(Armstrong and Carter 2006), which typically contain higher arsenic (Cramer et al. 1988; 

Colgrove and Hamilton 2018). The thin to medium bedded Lucas Formation, consists of 

limestone, dolostone, anhydritic beds and sharply, but conformably, overlies the Amherstburg 

Formation (Armstrong and Carter 2006). A PGMN bedrock monitoring well completed into 

limestone bedrock near 07-AG-007 also shows consistent elevated arsenic in groundwater from 

2003 to 2018 consecutive years (Appendix Table E1). The erosion of successively older and 

arsenic bearing bedrock formations by Catfish Creek Ice and incorporation of the sediment 

derived from this bedrock into Catfish Creek Till may explain the origin of high arsenic in these 

AGG wells. Alternatively, the arsenic could come directly from bedrock if upward gradients are 

present at these locations. Bajc and Dodge (2011) also mentioned that the older Pre-Catfish 

Creek aquifers, where resting directly on bedrock, are often greatly influenced by the chemistry 

of the underlying bedrock, thus the water extracted from these aquifers require significant 

treatment to meet the Ontario Drinking Water Standards. In addition, the reducing environment 

found in deep groundwater may allow the persistence of arsenic in those wells. However, there is 

a very low chance for the natural arsenic contaminants to have a large impact via lateral flow 

because of the limited extent of these Catfish Creek interbeds as well as Pre-Catfish Creek 

aquifers in the surrounding area (see Figure 3.12 and 3.16). High-resolution cored log BW-08-

04, in the vicinity of arsenic impacted 07-AG-007 drilled well (Figure 3.3 and 3.8), showed older 

AFD1 sandy aquifer layer underneath the Catfish Creek Till similar to the AGG well log, 

however, this unit was absent in the other adjacent high-resolution cored borehole logs from 

OGS (around 11-12 km away from BW-08-04) suggesting a relatively localized distribution 

(Appendix D). BW-08-07,08, nearby cored logs of 07-AG-041 well, also did not depict any 

significant interbeds within ATC1 (Appendix D) suggesting lateral discontinuity in the 

interbedded aquifer within Catfish Creek Till unit. The prolific upper aquifer unit AFB1 may be 



 

 

135 

 

a good alternative arsenic-free water supply for drilled well 07-AG-041 (Figure 3.12), since 

ATB1 aquitard unit acts as a barrier against surface contaminants at this location. 

In contrast, while well 07-AG-009 is also located on Drumlinized Till Plains that follows the 

same As-bearing bedrock boundary (Figure 3.3, 3.16), it is completed into a shallower strata 

(ATB1; Figure 3.16), which makes a bedrock source for Arsenic less likely. The water quality of 

overburden drilled well 07-AG-009 is being monitored under PGMN, and its PGMN record 

shows inconsistency in concentration of arsenic in groundwater. Elevated arsenic level was 

measured in the year of 2003 and 2005 by PGMN (9.2 and 10.2 μg/L) (Appendix Table E2) and 

in 2007 by OGS (12.4 μg/L) (AGG dataset). However, after 2007, the PGMN record indicates 

very low level of arsenic in groundwater, ranging from 0.5 to 2.6 μg/L starting from 2008 to 

2018 (Appendix Table E2). PGMN also has a bedrock monitoring well at the same place drilled 

into the limestone bedrock, which contains very low arsenic concentrations (0.1 μg/L), even non-

detected arsenic in the past years (Appendix Table E3). This suggests that it is unlikely that the 

high arsenic prior to 2007 originated from bedrock in this particular well. 

According to the landuse map created using the Agricultural Resource Inventory data (1983) 

from the Land Information Ontario (LIO), this well is located in a woodland (Appendix Fig. C1), 

such that the arsenic is less likely caused by fertilizer application here, although near surface 

transfer through lateral flow from any neighboring agricultural land could be possible. An 

alternative explanation is that elevated arsenic was found in the groundwater of 07-AG-009 by 

leaching from Chromated Copper Arsenate (CCA), a preservative used in the timber wood for 

long-term protection from microbes, fungi, and insects, particularly when the wood is for 

outdoor uses (Environment Canada, 2013). Even a slight leaching could be environmentally 

significant due to the high toxicity of the used metal compounds, such as arsenic (Hingston et al. 

2001; Kim et al. 2007) and the preferred leaching of arsenic among the three metals in CCA-

treated wood (Townsend et al. 2005). CCA was voluntarily withdrawn from residential uses in 

Canada when the U.S. EPA decided to restrict its use in 2003 (Environment Canada, 2013; U.S. 

EPA 2008) and is being replaced by alternative organic preservative considering the 

environmental and human health concerns caused by its components (Hingston et al. 2001). 
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While this hypothesis needs to be verified, this may explain the significant decreases in arsenic 

level at this well location from 2008 onwards (Appendix Table E2), after the sampling by OGS. 

 

3.5.3.2 Manganese 

Manganese occurs naturally in groundwater from weathering of soil and rock (Health Canada 

2019) and it is therefore not surprising to find it affecting so many wells in the BW area. Lower 

pH and reducing conditions are usually favorable geochemical conditions for manganese 

dissolution in groundwater (Kohl and Medlar 2006; Brandhuber et al. 2013). The solubility of 

manganese in groundwater under reducing environment can be triggered by the presence of 

organic matter and fine-grained sediments, such as clay and silt (Hem 1985; Nickson et al. 2000; 

Neidhardt et al. 2014; Erickson et al. 2019). While these type of lithologies may promote the 

presence of manganese in groundwater due to low hydraulic conductivity and permeability and 

associated reducing conditions, fluctuations in water level regulate changes in groundwater pH 

and redox state (Zhang et al. 2020), which in turn may also influence the presence of manganese 

in groundwater. 

An exception to this general trend of Mn in fine grained sediments is the high manganese in 

drilled well 07-AG-121, which is completed in a thick sandy unconfined aquifer in a Spillways 

setting (AFB1; Figure 3.11). While AFB1 unit is found at 12 m depth, the ATB1 aquitard is 

absent as a result of erosion during the deposition of AFA2 Grand River sand and gravel, thus 

creating an erosional window between AFA2 and AFB1 aquifer units (Figure 3.11). In this case, 

the high manganese concentration may be associated with fertilizer application on the overlying 

vegetable cultivation field (Agricultural Resource Inventory (1983) from the LIO; Appendix Fig. 

C1). Manganese sulphate fertilizer is often used to address manganese plant deficiency, which is 

most often observed on high pH soils (OMAFRA 2018), and to promote plant growth. Since 

there is an erosional window, the permeable sand might allow the transfer of elevated manganese 

vertically to the AFB1 aquifer unit. However, if the groundwater persists in the oxidizing zone, 

which is generally common with sandy deposits, the dissolved Mn will turn into insoluble Mn 

(IV) compounds and consequently, the manganese concentration will be reduced in groundwater 
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and is less likely to transfer laterally (Figure 3.11); this may also explain why the manganese is 

still below the MAC standard. Non-detected manganese in AGG overburden wells of the study 

area (see Appendix Fig. C2 and C3), which are dominated by sand (Figure 3.10, 3.12, 3.14, 

3.15), is consistent with this idea that geological aspects that promote oxidizing conditions will 

be less susceptible to dissolved manganese in groundwater.  It is worth mentioning that all three 

high nitrate-impacted bored wells in BW have been sampled with non-detected manganese 

(Figure 3.4 and Appendix Fig. C2), which again suggests the existence of oxidizing condition 

within these sandy aquifers that favors the apparent absence of manganese in the same well 

water. 

 

3.5.3.3 Nitrate 

All the wells impacted by nitrate are located on different agricultural crops lands, such as hay, 

continuous row crops, or tobacco (Agricultural Resource Inventory (1983) from the LIO; 

Appendix Fig. C1). The shallow depth of these wells together with their location on agriculture 

land suggests that nitrate is likely leaching down from the fertilizers applied in the agricultural 

fields or from animal/septic waste (Murphy, 1992; Sievers and Fulhage, 1992a, b; Goss et al. 

1998; Singer et al. 2003; OMAFRA 2018). However, the local geological settings and associated 

geochemical conditions will also likely influence the transfer pathways into the groundwater and 

ultimate fate of redox-sensitive nitrate (Best et al., 2015; Colgrove and Hamilton 2018; Erickson 

et al. 2019). 

08-AG-009/016 bored well is completed at 10 m depth in a sandy AFB1 aquifer unit with a thin 

overlying layer of clay (Figure 3.10). The 08-AG-009 sample was collected when the water level 

was at the ground surface on the thin clay layer and sample 08-AG-016 was taken from the 

underlying sandy layer after purging. Both water samples show high nitrate concentration above 

MAC. Nitrate-rich groundwater can be retained within fined grained sediment and get through 

the thin layer of clay before getting a chance to be denitrified either because it is only a thin layer 

or through preferential pathways such as fractures. This allows the nitrate rich groundwater into 
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the underlying oxygenated aquifer, where perhaps it becomes more stable and mobile (Hamilton 

and Helsel 1995). 

High nitrate above MAC is also found in spring water of 07-AG-106 well location (Figure 3.11), 

most likely releasing from the fertilizers used in the continuous row crops cultivation field or 

animal waste/septic (Appendix Fig. C1). A thin veneer of AFA2 modern alluvium at the surface 

consisting of sand, silt, gravel (OGS surficial geology map 2010) helps to sustain an oxidizing 

environment within the sediment, which is a favorable condition for the presence of nitrate in 

groundwater (Best et al., 2015; Erickson et al. 2019). The hydrostratigraphic column drawn in 

this well location displays less permeable aquitard Till units ATB1 and ATB3 beneath this spring 

(Figure 3.16), which can act as a good barrier to protect the underlying sediment from downward 

migration of nitrate. Moreover, since the stream deposits from AFA2 unit appears as a locally 

discontinuous very thin aquifer with respect to adjacent wells, the nitrate contaminant is less 

likely to transfer laterally within Drumlinized Till Plains (Figure 3.16). 

Lastly, Elevated nitrate is also found in bored well 07-AG-186, which is completed in the AFB1 

aquifer unit, and which comprises sandy to silty till with a thin sand layer at top (Figure 3.14). 

Sandy deposits are typically coupled with oxidizing condition, which helps nitrate to persist as 

nitrate form while travelling through the groundwater (Best et al. 2015; Erickson et al. 2019). 

Lateral transport of nitrate to the nearby wells is unlikely due to the geological and topographic 

setting at this site (Figure 3.14). Moreover, bored wells are usually not well-sealed at surface, so 

these are more vulnerable to surface contamination. 

In summary, while other factors such as well construction, bedrock geology, land use etc. play a 

role in determining water quality, the local geology along with the ambient geochemical 

conditions have strong influences on the dissolution, transmission, retention, as well as reduction 

of specific groundwater quality constituents, i.e., arsenic, manganese, nitrate. Understanding the 

hydrostratigraphy provides the context for interpreting water quality datasets and assessing risk 

to surrounding water wells. 
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3.6 Conclusion 

This study was intended to examine the subsurface sedimentation styles under specific 

physiographic features and expected sediment-landform assemblages in Brantford-Woodstock 

area as well as the influence of the local geology on the groundwater quality constituents 

(arsenic, manganese, nitrate) that exceed the drinking water standards.  

Till Plains – Drumlinized and Undrumlinized in BW area appear to consistently preserve the 

Catfish Creek aquitard though it varies in thickness and is sometimes associated with 

interbedded sand, silt, and clay of glaciolacustrine and glaciofluvial origin. The till plains exhibit 

less lateral thickness changes in till units associated with meltwater deposits compared to other 

physiographic features, thus preservation of the older strata is more prevalent under these two 

physiographic features. Till Moraines showed variability in sedimentation pattern based on the 

glacial history and location within the study area. Moraines located in the SW and central BW 

area displayed better preservation of older Catfish Creek stratigraphy with deposition of younger 

Port Stanley Till at surface by the SE Erie-Ontario ice lobes. In the southeast, Till Moraines are 

found to contain younger sand-dominated glaciofluvial deposits over the Port Stanley Till. Older 

Catfish Creek Till is mostly thinner likely as a result of erosion by the meltwater streams. Kame 

Moraines, Sand Plains, Spillways – these three physiographic features appeared to be dominated 

by silt, sand, gravel unlike the till plains and some moraines.  

The 9 cross-sections drawn by using the modelled hydrostratigraphic logs at AGG overburden 

water well locations give a sense of the preserved stratigraphy and glacial history across different 

physiographic features. These show that ATB1 (Port Bruce Phase aquitard) and ATB3 (Lower 

Erie Phase aquitard) and in between them, AFB1 (Upper Erie Phase aquifer) can be considered 

as regional aquitards and aquifer respectively in the western two-third of the study area. ATC1 

older Catfish Creek Till aquitard is also found to be dominantly preserved in this same part of 

BW area. The AFB3 (Lower Erie Phase aquifer) unit is seen as laterally discontinuous local 

aquifer above ATC1. The southeastern portion of the area showed the deposition of relatively 

younger units, mainly AFA2 (Grand River aquifer) and ATA2 (Wentworth aquitard) along with 

the absence and/or limited thickness of the older hydrostratigraphic units. 
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The sediment-landform assemblages and the depth to which the surface landform can help to 

predict the associated sediment types were also studied from the OGS high-resolution cored logs. 

This can be useful as a first pass estimate of vulnerability if water table is relatively shallow (<10 

m) (though it is important to collect subsurface data to get a sense of sediment heterogeneity as 

well as considering other factors that will affect vulnerability). Drumlinized Till Plain and 

Drumlin in BW contain till deposits as the upper strata in variable thickness, from 6 to 35 m. 

However, Undrumlinized Till Plains tended to have less till deposits (3 to 10 m) with dominance 

of interbedded glaciolacustrine sediment at the surface and near surface. Till Moraines exhibited 

sediment heterogeneity both vertically and laterally based on the glacial history of the study area: 

with an increase in coarse grained matrix for till and increase in associated sand deposits to the 

East. Kame Moraines showed 10 to 21 m stratified sand and gravel beds with minor silt and till 

deposits, which is expected. Spillways and Sand Plains are observed to pile up sand and gravel 

beds originated from ancient glaciofluvial environment, with thickness of 4 to 15 m and 18 to 38 

m respectively. 

Lastly, it has been observed that the Quaternary sediments of BW area have major influences on 

distribution and existence of groundwater quality constituents - arsenic, manganese, and nitrate. 

Naturally occurring arsenic above MAC is found in relatively deeper and isolated Catfish Creek 

aquifer close to bedrock, which is less likely to transfer laterally as this aquifer occurs locally. 

Elevated manganese above AO is widely distributed in the study area, naturally associated with 

clay-silt rich fine-textured deposits. Additionally, high manganese level has not often been 

observed in the wells, where coarser sand-gravel deposits dominate. High nitrate above MAC, 

typically released from fertilizer application in agricultural lands, is found in bored wells of the 

BW area that are associated with sandy aquifer. Permeable, coarse-grained sediments promote 

oxidizing conditions which in turn enables nitrate to persist in groundwater and results in the 

precipitation of manganese. Thus, whether the source of contaminants is natural or human-

induced, or from bedrock or surface sources, the local Quaternary geology of Brantford-

Woodstock area plays a vital role in their subsurface distribution. 
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4 Chapter 4: Conclusion 

4.1 Summary of Key Findings 

The main goal of this study was to investigate the relationship between specific groundwater 

quality parameters (arsenic, fluoride, manganese, chloride, nitrate) and Quaternary geology in 

southern Ontario (S-ON), specifically physiographic landforms, which are exclusively composed 

of Quaternary sediments in S-ON, and to evaluate whether physiography can help to determine 

the water well vulnerability to groundwater contamination. 

To achieve the objectives of this investigation, this thesis was divided into two parts. The first 

part (Chapter 2) examined regional trends of the above mentioned five groundwater geochemical 

constituents from the Ontario Geological Survey (OGS) Ambient Groundwater Geochemistry 

(AGG) dataset. Geospatial and Geographically Weighted Regression (GWR) analyses were 

performed including the data from water samples collected from 515 domestic, farm and 

monitoring water wells completed in overburden sediments within eight physiographic features 

across S-ON. Geospatial analysis of constituent concentrations and physiography showed the 

distribution of impacted water wells and level of contamination at a regional scale. GWR 

analysis in ArcGIS examined the connection of constituent concentration with physiography and 

other geological, geochemical, and chemical variables and well depth. Geospatial analysis was a 

qualitative and GWR analysis was a quantitative assessment of groundwater constituent trends, 

therefore the combination of these two techniques allowed for a more robust investigation. 

Bored/dug wells in Bevelled Till Plains were found relatively more vulnerable for arsenic, 

fluoride, manganese, and nitrate in the geospatial analysis. Moreover, GWR analysis showed a 

better model result to predict arsenic and manganese in bored/dug wells of Bevelled Till Plains. 

This suggests well construction may play a critical role in determining water quality in this 

physiographic feature. GWR model of arsenic-physiography-fluoride in bored/dug wells 

demonstrated a good adjusted R2 (39.6%) suggesting phosphate fertilizer as an anthropogenic 

source for releasing these constituents into shallow groundwater. 
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Drilled wells in Drumlinized Till Plains were noticed to be more vulnerable for nitrate in results 

from both the geospatial and GWR analysis. Although drilled wells in Clay Plains showed a 

likelihood of being vulnerable to chloride contamination in the results from the geospatial 

analysis, GWR model outputs did not support this. Texture of surficial till formations were found 

as one of the key variables with physiography associated with higher concentrations of fluoride, 

nitrate, and arsenic in drilled wells and arsenic and chloride in bored/dug wells in the GWR 

analysis. Elevated arsenic and fluoride above MAC were observed to be associated with fined-

grained silty-clayey till formations, whereas nitrate above MAC and chloride above AO were 

mostly seen to relate to coarser-grained sandy-silty till formations. Geospatial analysis also 

revealed that the occurrence of arsenic- and fluoride-impacted drilled wells is less connected to 

physiographic features, and rather more associated with the occurrence of underlying As and F-

bearing bedrock formations. 

A significant percentage of both bored/dug and drilled wells for manganese and drilled wells for 

nitrate were observed to have non-detected concentrations from geospatial analysis, which is 

likely related to the ambient geochemical conditions, such as pH, dissolved oxygen, oxidation-

reduction potential, and presence of organic matter in groundwater (Robertson et al. 1996; WHO 

2004; Opazo et al. 2016). Geospatial analysis showed non-detected nitrate in drilled wells were 

particularly associated with fine-textured deposits dominated physiographic features, e.g., Clay 

Plains, Bevelled Till Plains and possibly Undrumlinized Till Plains, where denitrification process 

may get activated and help to attenuate nitrate naturally at depth. Since the drilled wells of these 

physiographic features are mostly located in the agricultural fields, nitrate concentration below 

detection limit in those drilled wells, perhaps, is not because there is less or no nitrate being 

applied as fertilizer. Thus, chapter 2 was able to represent several geological aspects that can be 

considered as influencing factors for specific groundwater quality constituents in southern 

Ontario. 

The second part of the thesis (Chapter 3) discussed the detailed Quaternary geology including 

subsurface sediment architecture and sediment-landform assemblages beneath certain 

physiographic features, and impact of these sedimentation pattern on local groundwater quality 

in Brantford-Woodstock (BW) area in south-western Ontario. Sediment analysis of 36 OGS 
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high-resolution borehole cored logs (Bajc and Dodge 2011) drilled into seven physiographic 

features in the BW area provided a better understanding of the subsurface sedimentation styles. 

Characteristics of sediment deposited by the latest glacial and post-glacial events were mostly 

consistent with individual physiographic feature, however, with variable thickness at shallow 

depths. Analysis of the deeper stratigraphic units also demonstrates how previous glacial 

erosional and depositional events affect the local sediment architecture and geometry that will in 

turn affect local groundwater flow and contaminant pathways. Nine cross-sections were drawn 

through 27 OGS AGG overburden water wells informed by the modelled hydrostratigraphy 

(Bajc and Dodge 2011) to examine the general trends of aquifers and aquitards throughout the 

study area. 

New insights about the sedimentation styles in a hydrogeological context were obtained for the 

physiographic features in the BW area with the combined help of actual (high-resolution cored 

log) and visual (modelled) data. The physiographic features – Undrumlinized Till Plains, Till 

Moraines and Kame moraines present in the central part and a little portion of Drumlinized Till 

Plains in the west-central of BW mainly preserved older Pre-Catfish Creek stratigraphy including 

some discontinuous and isolated aquifer at greater depths that are possibly associated with a local 

bedrock low/buried bedrock valley within the Salina bedrock formation. 

The older sandy and compact Catfish Creek Till, known as a regional marker aquitard in south-

western Ontario, is well-preserved under the Drumlinized and Undrumlinized Till Plains, and 

SW Till Moraines in the western BW area. Younger Port Bruce phase fine-textured tills, i.e., 

Tavistock Till and Port Stanley Till, deposited by two different ice lobes, were recognized as the 

upper regional aquitard in BW, which provides somewhat good protection from surface 

contamination in most physiographic features of the study area. However, both older and 

younger till deposits were intermittently found to be associated with permeable interbedded 

sediment deposited by glaciolacustrine and glaciofluvial environment, which resulted in lateral 

facies changes and created local erosional windows at various locations in the study area, 

regardless of physiography. This type of variability within impermeable till deposits can make 

their hydrogeological function unpredictable. Although the lateral discontinuity of permeable 

interbedded sediment within till may prevent the horizontal movement of the groundwater 
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contaminants, these erosional windows may allow the downward transmission of contaminants 

into lower stratigraphic units or bedrock at a local scale. 

Kame Moraines were also seen to form complex subsurface hydrostratigraphic architecture, yet 

shallow stratified sand-gravel beds were prominent and characterize this physiographic feature. 

In contrast, south-western vs eastern Till Moraines showed significant vertical and lateral 

variability, i.e., they are not always exclusively made of impermeable till deposits, but rather 

exhibit various sediment texture depending on their location and related glacial history. The 

heterogeneity present in both type of moraines makes it very difficult to predict the contaminant 

transport through groundwater, even at a local scale without high-resolution subsurface data.  

Erie Phase sub-aquatic fan deposits and glaciolacustrine sand made up an important regional 

aquifer, which is not vulnerable to surface contamination because of protection from the 

overlying aquitard (Port Bruce Phase Till aquitard) found across most of the physiographic 

features in BW area. Spillways and Sand Plains were mostly affected by the latest erosional 

history and later deposition of glaciofluvial sand-gravel (Grand River outwash aquifer). This 

coarse-grained younger aquifer was found as either overlain by sandy Wentworth Till in the 

eastern Till Moraines, which is referred as a leaky aquitard because of its coarse-texture and 

loose compaction, or in unconfined condition in the rest of the BW area where it is present. Both 

conditions likely make this aquifer system vulnerable to surface contaminants. 

The local geology, i.e., both subsurface and near-surface sediment architecture in the BW area 

together with the groundwater geochemical conditions have a strong impact on transport and fate 

of groundwater contaminants. Better understanding of the hydrostratigraphic setting provides the 

context for interpreting water quality data and assessing risk to nearby water wells. The natural 

occurrence of elevated arsenic above MAC, either from sediment derived from underlying 

bedrock formations or directly from bedrock if upward gradient is present, in the Catfish Creek 

aquifers suggests that because of the lateral discontinuity of these deeper aquifers, arsenic in 

groundwater is less likely to spread laterally to surrounding wells. High manganese above AO 

are detected in some bored and many drilled AGG wells within the BW area, which are believed 

to originate from geogenic sources associated with reducing condition and fine-textured 
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sediment. Arsenic and manganese may also release from man-made sources, such as from CCA 

(chromated copper arsenate) treated wood and manganese-rich fertilizer respectively as 

interpreted for one of the sites. Whether being naturally or anthropogenically sourced, reducing 

environment within fine-grained clay and silt deposits may promote the dissolution of both 

constituents in groundwater at depth. In contrast, non-detected manganese was often associated 

with the wells that are dominated by coarse-grained sand-gravel deposits and oxidizing 

condition. High nitrate above MAC, possibly leaching from agricultural lands, animal waste or 

septic, was found in three bored wells within sand-gravel beds or sand-dominated till that 

generally favors oxidizing condition at shallow depth thus allowing the nitrate to persist in 

groundwater. Lastly, the characteristic distribution of arsenic, manganese, and nitrate in the BW 

area, was compatible with the results from the regional scale analyses in chapter 2. 

Regional trends of five groundwater geochemical constituents from impacted overburden water 

wells in different physiographic features in S-ON can help future water resource and land-use 

planning. According to both regional scale analyses, bored/dug wells vulnerability in Bevelled 

Till Plains should be considered in terms of high arsenic above MAC and manganese above AO 

and drilled wells vulnerability in Drumlinized Till Plains, with dominance of permeable surficial 

sandy till, should be considered in terms of elevated nitrate above MAC. However, one of the 

limitations with the regional scale analyses of the OGS AGG dataset is that the well screen depth 

and consequently the stratigraphic unit of the well screen is not known. Therefore, to get an idea 

about the subsurface geology beneath the physiographic features would be beneficial at a local 

scale, to better understand the link among groundwater geochemistry, sedimentation style and 

physiography. 

Local scale sediment analysis in BW area revealed that the shallow subsurface sediment is 

mostly consistent with the common characteristics of individual physiographic feature, however, 

at variable shallow depth, which may affect the behavior of groundwater contaminants. There 

were also some discrepancies: a localized Clay Plain surrounded by Till Plains was found to be 

comprised of all till deposits at subsurface instead of clay, which is likely a mapping issue. In 

addition, Till Moraines showed high variability of sediment texture both vertically and laterally 

within BW area. Therefore, using the high-resolution cored logs data analysis is very important 
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to interpret the geological impact on water well vulnerability to groundwater contamination in 

different physiography at a local scale. This in turn can enhance the understanding of regional 

trends of groundwater quality. 

 

4.2 Future Work 

There are opportunities to perform further regional scale GWR analysis with this OGS AGG 

dataset as well as to further analyze the existing model results. For the misspecified GWR 

models where the GWR residuals showed a clustered pattern, new and relevant explanatory 

variables can be added to examine if these variables can help to turn the misspecified model into 

properly specified model. For instance, further GWR analysis focusing on arsenic and fluoride 

concentration, particularly in drilled wells and Paleozoic bedrock formations in S-ON can be 

performed to quantify their interconnection, since geospatial analysis brought out the possibility 

of their relationship. Potential Paleozoic bedrock formations likely to be associated with elevated 

arsenic and fluoride that were displayed in the arsenic and fluoride geospatial maps can be added 

as categorical explanatory variable and a subset of overburden drilled wells can be selected 

which might be close to the bedrock interface. In addition, since most of the GWR analysis 

related to nitrate resulted in misspecified models, GWR analysis including nitrate concentration, 

physiography and land-use type can be performed to observe the influence of different land-use 

on nitrate concentration. Agricultural lands, built-up (rural area), woodlands etc. can be added as 

categorical explanatory variables. 

In GWR model result, each data point contains its own coefficient value, that represents the 

strength and type of relationship (either positive or negative) between each explanatory variable 

and dependent variable. Mapping of these coefficient values can provide a sense how the 

relationship between each explanatory variable and the dependent variable changes across the 

study area (Rosenshein, ESRI tutorial 2012). 

High-resolution cored logs obtained from overburden Quaternary sediment and three-

dimensional Quaternary geology model data by the OGS are available for some other locations 
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in S-ON based on other mapping done for the OGS Groundwater Resources Study (GRS) 

program, such as Waterloo Hills (GRS 3), Barrie-Oro Moraine (GRS 11), Central Norfolk Sand 

Plain (GRS 14), Orangeville-Fergus (GRS 15), South Simcoe Region (GRS 18). Local scale 

sediment analysis can be done in these areas by combining the AGG dataset, sediment logs and 

stratigraphic model data as well as by analyzing the high-resolution cored logs to observe if the 

other places of S-ON show consistent sedimentation style with physiography. 
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APPENDICES 

Appendix A: Syntax of Geographically Weighted Regression (GWR) tool in 

ArcGIS for Chapter 2 Method section 

Table A1: Syntax of GWR tool in ArcGIS 

Parameter  Explanation  Example  

Input features  This is the layer file containing the 

dependent and explanatory variables.  

“As-AGG Drilled wells” layer file 

Dependent 

variable 

This is the numeric field/column in the layer 

file containing values for what is aiming to 

model. 

Arsenic (As) concentration  

Explanatory 

Variable(s) 

These are the fields in the layer file 

representing explanatory variables in the 

regression model.  

Till Moraines coding (physiographic 

features), sand-gravel coding 

(surficial deposits), silty-clayey till 

coding (till formations), pH, fluoride, 

well depth etc. 

Output 

feature class 

This is the output file that will contain the 

results of statistical regression analysis 

including dependent variable estimates, 

condition numbers and residuals. 

The path name to save the result file -

C:\Users\Documents\ArcGIS\ 

GWR_Drilled_As_physio_till_morai

nes 

Kernel type This specifies if the kernel is constructed as 

a fixed distance, i.e., ‘Fixed’ or if it is 

allowed to vary in extent as a function of 

feature density, i.e., ‘Adaptive’. 

 

Chose ‘Adaptive’ for all the models, 

which represents a function of a 

specified number of neighbors, i.e., 

where feature distribution is dense, 

the spatial context is smaller; where 

feature distribution is sparse, the 

spatial context is larger. (Charlton and 

Fotheringham 2009a, 2009b; 

Rosenshein, ESRI tutorial 2012) 

Bandwidth 

method 

This specifies how the extent of the kernel 

should be determined. 

Either ‘AICc/CV’ (for optimal distance or 

optimal number of neighbors), or 

‘Bandwidth Parameter’ (for fixed distance 

or a fixed number of neighbors). The 

measure of goodness of fit which is 

extensively used in GWR is the corrected 

Akaike Information Criterion (AICc) 

(Hurvich et al. 1998). 

Chose ‘AICc’ – i.e., the extent of the 

kernel is determined using the AICc 

for optimal number of neighbors 

(Charlton and Fotheringham 2009a, 

2009b; Rosenshein, ESRI tutorial 

2012). 
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Appendix B: Geospatial maps and charts of five geochemical constituents for 

Chapter 2 Results and Discussions sections 

 

Figure B1: Piper plots showing groundwater types in drilled wells of Clay Plains in southern 

Ontario 
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Figure B2: Percent of bored/dug and drilled wells for arsenic based on detection limit and MAC 

standard for drinking water per eight physiographic features in southern Ontario 

 

Figure B3: Arsenic distribution in overburden bored/dug wells on eight different physiographic 

settings of southern Ontario. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset 

(2015) and physiographic data (2007) for S-ON 
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Figure B4: Percent of bored/dug and drilled wells for fluoride based on detection limit and MAC 

standard for drinking water per eight physiographic features in southern Ontario 
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Figure B5: Fluoride distribution in overburden bored/dug wells on eight different physiographic 

settings of southern Ontario. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset 

(2015) and physiographic data (2007) for S-ON 
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Figure B6: Percent of drilled wells for manganese based on detection limit and both AO and 

MAC standard for drinking water per eight physiographic features in southern Ontario 

 

 

(a) 
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Figure B7: Manganese distribution in overburden bored/dug wells on eight different 

physiographic settings of southern Ontario, according to both (a) AO and (b) MAC drinking 

water standard. Maps created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and 

physiographic data (2007) for S-ON 

 

 

(b) 
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Figure B8: Percent of bored/dug and drilled wells for chloride based on detection limit and AO 

standard for drinking water per eight physiographic features in southern Ontario 

 

Figure B9: Distribution of overburden water wells of S-ON differentiating the anthropogenic 

sources possibly coming from septic and/or fertilizer and road salt. Map created using ESRI 
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ArcMap 10.7 with Cl/Br mass ratio vs Total nitrogen concentration graph calculated from the 

OGS AGG dataset (2015).  

 

 

Figure B10: Chloride distribution in overburden bored/dug wells on eight different 

physiographic settings of southern Ontario. Maps created using ESRI ArcMap 10.7 with the 

OGS AGG dataset (2015) and physiographic data (2007) for S-ON 
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Figure B11: Elevated chloride in overburden wells of S-ON distinguishing possible natural and 

anthropogenic sources based on Cl/Br mass ratio vs Cl concentration graph obtained from the 

OGS AGG data. Maps created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and 

Bedrock Topography map (2006) for S-ON for indicating the regional topographic highs and 

lows that may have influence on groundwater flow systems 
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Figure B12: Elevated chloride in overburden wells of S-ON distinguishing possible natural and 

anthropogenic sources based on Cl/Br mass ratio vs Cl concentration graph obtained from the 

OGS AGG data. Maps created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and 

Drift Thickness map (2006) for S-ON for indicating the Quaternary sediment thickness over the 

bedrock surface 
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Figure B13: Distribution of overburden water wells of southern Ontario indicating road salt 

sources along with highways and main roads. Maps created using ESRI ArcMap 10.7 with the 

observations from Cl/Br mass ratio vs Total nitrogen concentration graph obtained from OGS 

AGG dataset (2015) and road map for S-ON 
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Figure B14: Percent of bored/dug and drilled wells for nitrate based on detection limit and MAC 

standard for drinking water per eight physiographic features in southern Ontario 

 

Figure B15: Nitrate distribution in overburden bored/dug wells on eight different physiographic 

settings of southern Ontario. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset 

(2015) and physiographic data (2007) for S-ON 
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Appendix C: Maps and Cross-sections for Chapter 3 

 

Figure C1: Distribution of AGG overburden wells on landuse types in BW area. Map created using ESRI ArcMap 10.7 with 

Agricultural Resource Inventory (ARI) data (1983) by the Land Information Ontario (LIO) and OGS AGG dataset (2015) for S-ON. 
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Figure C2: Distribution of Manganese, according to AO standard, in bored wells of BW area; colors of data points correspond to 

different physiographic features. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and physiographic data 

(2007) for S-ON. 
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Figure C3: Distribution of Manganese, according to AO standard, in drilled wells of BW area; colors of data points correspond to 

different physiographic features. Map created using ESRI ArcMap 10.7 with the OGS AGG dataset (2015) and physiographic data 

(2007) for S-ON.
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Figure C4: Cross-section 3 showing north to south trending lateral strata in the middle part of BW area 
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Figure C5: Cross-section 4 showing north to south trending lateral strata in the middle part of BW area 
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Appendix D: OGS High-Resolution Borehole Cored Logs from GRS-10 (Bajc and Dodge 2011) for Chapter 3 

Hydrostratigraphic units from conceptual geological model constructed for Brantford-Woodstock study area (Bajc and Dodge 2011) 

ATA2 Wentworth Till aquitard 

AFA2 Grand River and equivalent aquifer 

ATB1 Port Bruce Phase aquitard 

AFB1 Upper Erie Phase aquifer 

ATB3 Lower Erie Phase aquitard 

AFB3 Lower Erie Phase aquifer 

ATC1 Upper Catfish Creek Till aquitard 

AFC1 Catfish Creek aquifer 

ATC2 Lower Catfish Creek Till aquitard 

AFD1 Pre-Catfish aquifer 

ATE1 Canning aquitard 

AFF1 Pre-Canning aquifer 

ATG1 Pre-Canning aquitard 

Bedrock Paleozoic bedrock 

Stratigraphic picks were obtained from the 3D model database at each OGS high-resolution borehole location and incorporated with 

these borehole cored logs (along with lithologic descriptive log) by labeling (black color). Some units showed discrepancy comparing 

upper and lower units, that are highlighted with pink color and question mark. OGS Cored logs are also labelled and organized here 

according to the physiographic features.
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Appendix E: Arsenic concentration monitoring data from PGMN for Chapter 3 

Table E1: Arsenic concentration monitoring data from PGMN Bedrock Well “W0000201-3” sited at very close to 07-AG-007 AGG 

overburden drilled well  

Sample 

Date 

Value Units Qualifiers Remark1 Remark2 Confidence 

Level 

Comments Lab Name 

9/22/2003 29.6 ug/L +/-2.40 ODW RRV 1   MOE 

10/27/2004 22 ug/L 2 Arsenic As by 

Maxxam Analytics 

Inc 

0.022(mg/L) 

[MDL/RDL: 0.002] 

2   Maxxam 

Analytics Inc  

10/7/2005 23.6 ug/L +/-1.90 X1   1   MOE 

11/13/2006 24 ug/L 1  Dissolved Arsenic 

(As) by Maxxam 

Analytics Inc 

24( ug/L) 

[MDL/RDL: 1] 

2   Maxxam 

Analytics Inc  

7/30/2007 29 ug/L 1 Dissolved Arsenic 

(As) by Maxxam 

Analytics Inc 

29(ug/L) 

[MDL/RDL: 1] 

2   Maxxam 

Analytics Inc  

10/15/2008 25.3 ug/L +/-2.10 UIS SIP 1   MOE 

11/3/2009 26.8 ug/L +/-3.20 RRV   1   MOE 

10/18/2010 23.9 ug/L +/-4.70 RRV   1 Incomplete General 

Chemistry - Chloride 

missing 

MOE 

11/21/2011 24.8 ug/L +/-4.80 RRV   1   MOE 

10/1/2012 24.2 ug/L +/-4.60 X4 RRV 1   MOE 

10/21/2013 25 ug/L +/-4.80 RRV   1   MOE 

9/29/2014 21.7 ug/L +/-4.20 SIP   1   MOE 

10/5/2015 28.4 ug/L +/-5.50     1   MOE 

9/14/2016 23.8 ug/L +/-4.60     1   MOE 

9/12/2017 24.3 ug/L +/-4.70     1   MOE 
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Table E2: Arsenic concentration monitoring data from the same Overburden Well – named by PGMN “W0000369-2” and by OGS 

“07-AG-009” 

Sample 

Date 

Value Units Qualifiers Remark1 Remark2 Confidence 

Level 

Comments Lab Name 

10/1/2003 9.2 ug/L +/-0.80 RRV  2 Use with caution - 

Inconsistent with other 

results 

MOE 

8/16/2004 6 ug/L 2 Arsenic by 

Maxxam 

Analytics Inc 

0.006(mg/L) 

[MDL/RDL: 

0.002] 

2 Use with caution - 

Inconsistent with other 

results 

Maxxam 

Analytics 

Inc  

10/7/2005 10.2 ug/L +/-0.80 X1  2 Use with caution - 

Inconsistent with other 

results 

MOE 

7/17/2008 0.8 ug/L +/-0.15   1  MOE 

10/27/2008 1.05 ug/L +/-0.16   1 Metals only MOE 

5/5/2009 0.51 ug/L +/-0.15   1  MOE 

10/14/2009 0.7 ug/L +/-0.27   1  MOE 

12/1/2010 1.6 ug/L +/-0.40   1  MOE 

12/13/2011 2.1 ug/L +/-0.40   1  MOE 

10/9/2012 2.6 ug/L +/-0.50   2 Ionic balance > 5%, use 

with caution; 

MOE 

11/4/2013 2.5 ug/L +/-0.50   1  MOE 

11/20/2013 2.2 ug/L +/-0.40   2 Ionic balance > 5%, use 

with caution; 

MOE 

11/25/2014 2.1 ug/L +/-0.40   1  MOE 

11/18/2015 2.2 ug/L +/-0.40   1  MOE 

10/5/2016 1.9 ug/L +/-0.40 X4  2 Ionic balance > 5%, use 

with caution; 

MOE 

10/3/2017 2.4 ug/L +/-0.50   1  MOE 
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Table E3: Arsenic concentration monitoring data from PGMN Bedrock Well “W0000369-3” sited at the same location of 07-AG-009 

AGG overburden drilled well 

Sample 

Date 

Value Units Qualifiers Remark1 Remark2 Confidence 

Level 

Comments Lab Name 

10/1/2003 0.1 ug/L +/-0.10   1  MOE 

10/18/2005 0 ug/L +/-0.10   1  MOE 

11/6/2006  ug/L <  Dissolved Arsenic 

(As) by Maxxam 

Analytics Inc 

 ND( ug/L) 2   Maxxam 

Analytics 

Inc  

7/31/2007  ug/L <1 Dissolved Arsenic 

(As) by Maxxam 

Analytics Inc 

ND(ug/L) 

[MDL/RDL: 1] 

2   Maxxam 

Analytics 

Inc  

10/27/2008 0.12 ug/L +/-0.12   1  MOE 

11/25/2009 0.1 ug/L +/-0.27   1  MOE 

12/1/2010 0 ug/L +/-0.27   1  MOE 

12/13/2011 0.1 ug/L +/-0.27   1  MOE 

10/9/2012 0 ug/L +/-0.30   1  MOE 

11/18/2013 0.1 ug/L +/-0.30   1  MOE 

9/22/2014 0.1 ug/L +/-0.30 SIP  1  MOE 

9/28/2015 0.1 ug/L +/-0.30   1  MOE 

9/13/2016 0.1 ug/L +/-0.30   2 Ionic balance > 5%, use 

with caution; Calcium, 

Alkalinity suspect 

MOE 

9/13/2017 0.1 ug/L +/-0.30   1  MOE 

9/17/2018 0.1 ug/L +/-0.30   2 Ionic balance > 20%, 

use with caution; 

Cations suspect 

MOE 
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