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This coastal wetland along Lake Huron at Dorcas Bay near 
Tobermory, Ontario is strongly affected by seepage of  groundwater.  
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Cover photo: Staining of  rock face due to groundwater seepage along Superior shoreline: 
Pictured Rocks National Lakeshore near Munising, Michigan.  
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1. PURPOSE, SCOPE AND CONTEXT

Norm Grannemann1, Dale Van Stempvoort2, Gayle Soo Chan3 and Lisa Sealock4

1United States Geological Survey, Lansing, MI, USA
2Environment Canada, Burlington, ON, Canada 
3Credit Valley Conservation Authority, Mississauga, ON, Canada
4Environment Canada, Toronto, ON, Canada 

Th e Great Lakes constitute the largest volume of unfrozen freshwater in the Western Hemisphere.  Th eir size and 
beauty dominate the Great Lakes drainage basin (Great Lakes Basin).  Th ese vast visible bodies of water justly draw 
more attention than the groundwater that lies below the land and water surfaces, even though it has been estimated 
that the amount of fresh groundwater in the Great Lakes Basin is approximately equal to the amount of water in 
Lake Huron (Coon and Sheets, 2006).  Being underground and “out of sight” is one reason that recognition of the 
role of groundwater has been less pronounced than surface water.  For many years, groundwater science in the 
Great Lakes Basin was focused on fi nding drinking water for inland communities, private supplies and irrigation.  
In the last several decades, however, a larger scientifi c eff ort has been devoted to understanding the role of ground-
water as part of the overall water budget and ecosystems in the Great Lakes Basin.  

Awareness is growing of the strong interaction between surface water and groundwater in the Great Lakes Basin, 
especially in areas with sandy soils and coarse-grained glacial deposits near the land surface.  Much of the water in 
streams that fl ows during periods of little or no precipitation is derived from the seepage of groundwater into the 
surface streams, wetlands, and lakes.  Th is seepage occurs under the surface water bodies and is spread over the 
length of a streambank or shoreline and goes unnoticed by the casual observer.  However, groundwater scientists 
and ecologists have taken notice and they are quantifying these seepage rates as well as the eff ects of groundwater 
on the water quality and temperature of surface water bodies, and on aquatic habitats in these bodies.  

Within the last couple of decades, a growing understanding of both the physics and chemistry of the interactions 
between groundwater and surface water has led to the recognition that a better understanding of how groundwater 
aff ects surface water quality is required.  Th is recognition has implications for many of the large water quality is-
sues that confront the Great Lakes.  For example, how does the transport of nutrients, pesticides, herbicides, as well 
as septage from leaking sewers and septic systems that are incorporated into groundwater fl owing to surface water 
aff ect the quality of water in the Great Lakes as well as the overall Great Lakes ecosystem?  Th e need for answers 
to this and other groundwater-related questions have both scientists and managers determined to investigate and 
understand the role of groundwater in the issues confronting the health of the Great Lakes.

1.1 Purpose of this Report

When the Great Lakes Water Quality Agreement (GLWQA) was signed in 1972 by the Governments of Canada 
and the United States (the “Parties”) (Environment Canada, 2013a), groundwater was not recognized as import-
ant to the water quality of the Lakes.  At that time, groundwater and surface water were still considered as two 
separate systems, with almost no appreciation for their interaction.  When the GLWQA was revised in 1978 (US 
Environmental Protection Agency (USEPA), 2012), groundwater contamination, such as that reported at legacy 
industrial sites such as those at Love Canal near the Niagara River, was squarely in the news.  Consequently, the 
potential impacts of contaminated groundwater from such sites on Great Lakes water quality became a concern 
(Beck, 1979), and Annex 16 was added to the agreement, to address “pollution from contaminated groundwater” 
(Francis, 1989).  However, no formal process for reporting under this annex was provided.

Th e GLWQA Protocol in 1987 modifi ed Annex 16 and called for progress reports beginning in 1988 (USEPA, 
1988).  Th e Protocol in 2012 provided a new Annex 8 to address groundwater more holistically (Environment 
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Canada, 2013b).   Annex 8 (Environment Canada, 2013b) commits the Parties to coordinate groundwater science 
and management actions; as a fi rst step, to “publish a report on the relevant and available groundwater science” by 
February 2015 (this report); and to “identify priorities for science activities and actions for groundwater manage-
ment, protection, and remediation…”  Th e broader mandate of Annex 8 is to (1) “identify groundwater impacts 
on the chemical, physical and biological integrity of the Waters of the Great Lakes;” (2) “analyze contaminants, 
including nutrients in groundwater, derived from both point and non-point sources impacting the Waters of the 
Great Lakes;” (3) “assess information gaps and science needs related to groundwater to protect the quality of the 
Waters of the Great Lakes;” and (4) “analyze other factors, such as climate change, that individually or cumulatively 
aff ect groundwater’s impact on the quality of the Waters of the Great Lakes.”  

A binational Annex 8 Subcommittee was formed to lead eff orts to fulfi ll the mandate of this annex (members listed 
on p. i  of this report).  In turn, this subcommittee has recruited a task team to prepare this report (listed as authors 
of each chapter).   Th is report addresses all of the above four objectives, based on a compilation of the “relevant 
and available groundwater science.”  Specifi cally, the second objective (to “analyze contaminants”) is addressed by 
incorporating information obtained in ongoing monitoring and research activities conducted by the Parties, and 
by various other members of the Great Lakes Executive Committee.

1.2 Scope

Th e Annex 8 sub-committee, together with its task team, has prepared this report to focus on the current (2015) 
understanding of groundwater and its infl uence on Great Lakes water quality, and on gaps in knowledge to es-
tablish science priorities related to groundwater. Th e report will help meet or support  the commitments within 
Annex 8 (Groundwater) of the 2012 GLWQA (Environment Canada, 2013a), as well as the 2014-2016 Ground-
water Binational Priorities for Science and Action that were developed pursuant to Article 5 of the 2012 GLWQA 
(www.binational.net/2014/03/20/psa-pasa-2014). Th e report is also intended to complement and support the 
work of other Subcommittees as they address the commitments of other Annexes of the GLWQA (Environment 
Canada, 2013a).  In this way a holistic strategy for the improvement of water quality in the Great Lakes is promot-
ed, where all components of the water cycle are considered.  As a result, the report concentrates on the infl uence 
of groundwater on Great Lakes water quality at regional scales and does not focus on groundwater as a source of 
drinking water (But note that approximately 8 million people in the Great Lakes Basin utilize groundwater as their 
source of freshwater; the wells drilled for water supply provide important information about groundwater that can 
be aggregated for regional assessments). 

Th e GLWQA defi nes “Waters of the Great Lakes” as “the waters of Lakes Superior, Huron, Michigan, Erie and On-
tario and the connecting river systems….including all open and nearshore waters” (Environment Canada, 2013b).   
“Tributary Waters” are defi ned as “surface waters that fl ow directly or indirectly into the Waters of the Great Lakes”, 
and the “Great Lakes Basin Ecosystem” is defi ned as “the interacting components of air, land, water and living or-
ganisms, including humans, and all of the streams, rivers, lakes, and other bodies of water, including groundwater, 
that are in the drainage basin of the Great Lakes….”  Th is report describes how the natural fl ux of groundwater to 
the Great Lakes and their tributaries (i.e. streams, lakes and wetlands in the Great Lakes Basin) can enhance both 
water quality and water quantity and provide essential habitats for the Great Lakes Basin Ecosystem.  Th erefore, 
groundwater withdrawals may aff ect the amount of water in streams, stream temperature, and ecosystem function.    
Th is report also describes how groundwater is a transmitter (vector) of contaminants and contributes excessive 
loads of nutrients to the Great Lakes, recognizing that there are both non-point sources and point sources of the 
various contaminants and nutrients.  

Th e scope of this report includes cross-cutting issues that relate to other Annexes of the GLWQA.  For example, it 
is anticipated that understanding the eff ects of groundwater in nearshore regions of the Great Lakes will support 
eff orts to meet the commitment under Annex 2 of the GLWQA to develop an integrated nearshore framework in 
the Great Lakes by 2016.  Th ese nearshore areas provide physical, chemical and ecological links between water-
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sheds of the Great Lakes Basin; streams, wetlands, groundwater and open waters of the lakes; and critical habitat 
for Great Lakes biota.  Nearshore regions are also the places where human use of lake resources is most intense.  
Th e nearshore regions receive waste from industrial and municipal sources as well as nutrients, bacteria and other 
contaminants from urban stormwater, rural runoff  and groundwater, and are places where excessive nutrients 
accumulate and manifest themselves in degraded water quality and nuisance algae growth.  Th e nearshore waters 
are subjected to development, shoreline alterations, erosion issues and the destruction of natural features such as 
coastal wetlands, protected embayments and other ecosystems critical to the functioning of the lakes.  Currently 
there are signifi cant gaps in our understanding of the role of groundwater in the nearshore areas. 

Chapters 2 through 7 of this report are related to distinct but inter-connected aspects of the nature of groundwa-
ter’s relationship to water quality of the Great Lakes.  Chapter 2 discusses the complexity of interactions between 
groundwater and surface water and describes how both direct and indirect groundwater discharge to surface 
water bodies are important considerations when assessing Great Lakes water quality and the health of aquatic 
ecosystems in the basin. In particular, it has been recognized that large quantities of groundwater enter the Great 
Lakes (indirectly) via discharge to tributaries that then fl ow into the Lakes. Th is chapter focuses on describing: the 
fundamental types of groundwater/surface water exchange processes for streams, ponds, wetlands and the Great 
Lakes; groundwater fl ow paths to surface water bodies; spatial heterogeneity in water exchanges and controlling 
factors; and the knowledge gaps in the understanding of these interactions.

Chapter 3 focuses on contaminants in groundwater that may reach the Great Lakes. Historically, only major cases 
of contamination via direct discharge from groundwater were considered. Th is chapter examines the current un-
derstanding of contaminants that are important to the Great Lakes water quality.  Th e chapter describes numerous 
science and knowledge gaps that indicate needs for better fi eld characterization tools, an  improved understanding 
the importance of the transition zone (between groundwater and surface water) with respect to modifying the 
quality of discharging groundwater, and more research to quantify impacts of contaminated groundwater dis-
charges on ecological receptors.

Chapter 4 describes nutrients in groundwater and is a key chapter in this report given the current status of eu-
trophication in parts of the Great Lakes Basin.  Th is chapter is directly relevant to Annex 4 (Nutrients) of the GL-
WQA (Environment Canada, 2013b).  It outlines the transport of both agricultural and non-agricultural sources 
of nutrients in the groundwater system. Th e chapter also discusses how nutrients are stored and discharged from 
groundwater sources.

Chapter 5 presents the eff ects of groundwater in Great Lakes habitats focusing on the nearshore zone, streams and 
wetlands in the Great Lakes Basin. Th is chapter describes the characteristics and groundwater dependencies that 
are directly relevant to Annex 7 (Habitat and Species) of the GLWQA (Environment Canada, 2013b).

Chapter 6 focuses on an area of emerging concern with respect to Great Lakes water quality; the eff ects of human 
infrastructure. Many cities mark the shoreline of the Great Lakes where both aboveground and subsurface engi-
neered infrastructure such as buildings, paved areas, tunnels, sewers and stormwater ponds have aff ected both 
the quantity and quality of water that ultimately fi nds its way into the Great Lakes. Because most of these cities 
draw their water directly from the Great Lakes, groundwater quality has been for the most part ignored. Human 
activities nonetheless are intensifying and changing the fl ow and quality of water in the subsurface in the coastal 
zones. Population growth statistics indicate a signifi cant increase by 2030 for many of these shoreline cities that is 
expected to result in additional water quality issues associated with urban infrastructure.

Chapter 7 highlights the current understanding of climate change on groundwater and how those changes poten-
tially aff ect Great Lakes water quality.  Th is chapter is directly relevant to Annex 9 (Climate Change Impacts) of the 
GLWQA (Environment Canada, 2013b).   Climate change models and projections are examined to identify science 
needs and monitoring gaps to assist in the understanding of how our evolving climate aff ects this component of 
the Great Lakes hydrological system.
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Th e conclusions in Chapter 8 summarize the current understanding of how groundwater aff ects the Great Lakes 
water quality.  Th is chapter also summarizes and discusses major areas of science needs, based on priority science 
needs identifi ed in the earlier chapters.

As discussed in this report, gaps remain in our understanding of groundwater in the Great Lakes Basin, and of 
its eff ect on Great Lakes water quality.  Th e purposes of this report are to describe the state of the science, and to 
identify science gaps, to address the mandate of the GLWQA, particularly Annex 8 of this agreement.

Th is report includes over 300 references that generally fall into three main categories: (1) those that address 
groundwater in the Great Lakes Basin directly, (2) those that address aspects of groundwater science that are 
directly relevant to the focus of this report, (3) those that address other aspects of science, but are relevant to the 
eff ects of groundwater on Great Lakes water quality, because of the inter-connected nature of the Great Lakes Ba-
sin Ecosystem.  

1.3 Context

Groundwater science in the Great Lakes Basin is conducted by various levels of government, by various non-gov-
ernment organizations, and by academic institutions and the private sector.  Th is science supports many objec-
tives, including management of water resources and protection of the environment.  A key groundwater science 
activity in the Great Lakes Basin is the ongoing monitoring of groundwater, including water levels and water qual-
ity constituents.  Th ese science activities are conducted by various Federal, State and Provincial departments, and 
local agencies and organizations (Table 1.1). 

Groundwater, being out of sight, remains an enigma to many people, including those who rely on it for their water 
supplies.    Accordingly, one of the main goals of this report is to provide water quality managers in the Great Lakes 
Basin with a concise summary of relevant information about groundwater.    Eff ective water quality policies will 
incorporate a state-of-the-science understanding of how groundwater is an integral and essential component of 
the water cycle.

Limitations
Th e Annex 8 subcommittee has prepared this report through the gracious eff orts of a report writing task team with 
limited resources and short timelines for deliverables. Although these experts are some of the most knowledge-
able and respected scientists in their respective areas of specialty, restrictions such as time and editorial decisions 
regarding audience and length of the report, prevented authors from delving into extensive detail. Additionally, 
considerable uncertainties in scientifi c knowledge and data gaps were found.  Highlighting these science needs is 
indeed a key objective of this report.  
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Table 1.1 General groundwater science activities by different levels of  government 
in the Great Lakes Basin*
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2. GROUNDWATER/SURFACE WATER INTERACTION 

Brewster Conant Jr.1, Serban Danielescu2,3, Howard Reeves4, Paulin Coulibaly5

1University of Waterloo, Waterloo, ON, Canada
2Environment Canada, Burlington, ON, Canada
3Agriculture and Agri-Food Canada, Fredericton, NB, Canada
4United States Geological Survey, Lansing, MI, USA
5McMaster University, Hamilton, ON, Canada

2.1 Introduction

In recent years, the role of groundwater as an integral component of the Great Lakes Basin Ecosystem has been in-
creasingly recognized.  Currently, the role of groundwater is understood to go well beyond the very limited percep-
tion of the past, where groundwater was considered relevant only in matters related to drinking water for inland 
communities, private water supplies, industrial supply or irrigation. Groundwater and surface water dominated 
systems are interconnected and should be treated as a single system and resource (Winter et al., 1998). In recent 
years, groundwater has been increasingly recognized as being important in the water budget of the Great Lakes as 
well as for its role in maintaining the chemical, physical, and biological integrity of the aquatic ecosystems of the 
Great Lakes Basin (Box A lists the services and values provided by groundwater/surface water exchanges).  Direct 
and indirect discharges of groundwater to the Great Lakes are estimated to account for as much as 2.7% and 42% 
(respectively) of the infl ows to the Great Lakes (Neff  and Nicholas 2005) and for an average of 70 % of the fl ow of 
streams and rivers in the Great Lakes Basin (Neff  et al., 2005). Moreover, the total volume of groundwater stored 
in the aquifers on the U.S. side of the Great Lakes Basin is 984 cubic miles (4100 cubic kilometers), equivalent to 
the volume of surface water stored in Lake Huron (Coon and Sheets, 2006) or about 25% of the volume of surface 
water stored in the Great Lakes, meaning that groundwater in the basin could be considered to be the equivalent 
of another Great Lake. 

Th e exchange of water between groundwater and surface water systems occurs through transition zones between 
groundwater and surface water. Th ese transitions zones are areas and volumes of streambeds, lakebeds, wetlands 
and adjacent geological materials where the characteristics change from a groundwater dominated system to a 
surface water dominated system and the conditions in these zones are dynamic. Th e fl ow of water through tran-
sition zones is complex and diffi  cult to characterize.  Th is chapter focuses on the physical processes that control 
the pathways of groundwater fl ow and the quantities of groundwater exchanging with surface water bodies. Th ese 
processes are collectively referred to as groundwater/surface water exchanges.  Groundwater also serves as an 
important transport mechanism that delivers water, nutrients, and contaminants to surface water.  It is becoming 
more evident that the physical interaction and exchange of waters having diff erent chemical and thermal char-
acteristics which occurs in the transition zone is critical in determining the quality of the water discharging in to 
surface waters (e.g., Conant et al. 2004; Environment Agency 2009). Th is chapter examines issues of water fl ow, 
quantity, and to a lesser extent quality (quality issues are addressed in Chapters 3, 4, and 6), and concludes with 
a summary of the information gaps and science needs relative to improving our understanding of groundwater/
surface water exchanges and their eff ects on the Great Lakes Basin.

2.2 Groundwater/Surface Water Exchanges – Types, Pathways, Variability and Complexity

Th e interaction between groundwater and surface water in the Great Lakes Basin occurs through numerous path-
ways (Figure 2.1) and, in general, groundwater fl ows toward and will eventually discharge into surface water bod-
ies if not extracted.  Th e types of exchange between groundwater and surface water are governed by the relative 
hydraulic head of the groundwater relative to the surface water level, and the ability of the subsurface geological 
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materials of the system to transmit water (i.e., its hydraulic conductivity).  Th e hydraulic conductivity of bedrock 
across the Great Lakes Basin ranges from very low (e.g., granite, gneiss and shale; Freeze and Cherry, 1979) to 
very high (e.g., sandstone and carbonate aquifers; Freeze and Cherry, 1979) (Figure 2.2). Th e fl ow of groundwa-
ter within the geological deposits and into or through the transition zone can be accelerated by fractures or karst 
features in bedrock units.  Figure 2.3 shows the variability of the surfi cial (unconsolidated) deposits overlying the 
bedrock in the Great Lakes Basin.  Th ese deposits play a signifi cant role in controlling the nature of groundwater/
surface water exchanges and aff ect how much and where groundwater is recharged by precipitation.  Water supply 
wells for municipal, domestic, industrial and agricultural needs in the Great Lakes Basin have been completed in 
both bedrock and surfi cial aquifers.  Exchanges can occur between groundwater (e.g., water stored in aquifers, 
confi ning units, fractures and perched water) and a Great Lake and any other surface water body such as streams, 
ponds, lakes and wetlands. Examples of these exchanges include shallow and deep groundwater discharge to lakes, 
ponds and wetlands; base-fl ow contributions to streamfl ow; interfl ow (shallow subsurface fl ow) and bank storage 
in streams that occur aft er precipitation events; and situations where surface water recharges underlying geological 
deposits.  From a water quantity viewpoint, groundwater is important in maintaining streamfl ow and inland lake 
levels, especially during droughts when contributions from precipitation are low and losses of water by evapo-
transpiration are high. 

Groundwater/surface water exchanges are complex and show signifi cant spatial and temporal variability. Spatial 
variability on scales ranging from centimeters to tens of kilometers has been demonstrated in numerous studies. 
At a regional or basin scale, groundwater fl ow and discharge to surface water (e.g., stream base-fl ow) are primar-
ily controlled by variations in topography, stream slopes, and underlying geology (Neff  et al. 2005; Winter 1999).  
Estimates of base-fl ow contribution to stream discharge range between 9 to 98% (Neff  et al, 2005).  Th eir general 
areal distribution is shown on Figure 2.4.  At the scale of a single stream reach, groundwater discharge is observed 
to vary along the reach as a function of the sediment composition, streambed topography, meandering patterns, 
presence of fi ne grained organic matter, and stream stage relative to the groundwater table and these factors can 
either enhance or inhibit the discharge (e.g., Larkin and Sharp, 1992; Boulton et al., 1998; Conant, 2004; Smith 
2005; Environment Agency, 2009; Cardenas 2008). Streams are observed to have gaining, losing, fl ow-through, 
and parallel fl ow (i.e., zero-exchange) sections which can exist in complex patterns (Figure 2.5) and also vary in 
time (Woessner, 2000). At this scale and down to scales of centimeters, water in fl owing streams can also have 
complex patterns of exchange with groundwater as shown in Figure 2.6.  

Stream water can penetrate into the sediments, move laterally through streambed sediments, potentially mix with 
groundwater, and then re-enter the stream farther downstream.  Th e area where this type of fl ow occurs is called 

BOX A – Services and values provided by groundwater/surface water exchanges 
(particularly important in times of drought)

o   Maintain base-fl ows in rivers and streams
o   Maintain surface water levels and moderate fl uctuations in water levels in lakes and ponds
o   Supply water and maintain saturated conditions for certain kinds of wetlands
o   Moderate surface water temperatures and provide suitable fi sh habitat (e.g., cold water fi sheries) and fi sh 
     spawning areas and proper egg incubation temperatures
o   Create areas of streams, ponds, and lakes that are critical habitat for fi sh because they serve as thermal refuges 
     by being cool areas during high summer temperatures and relatively warm ice-free (open water) areas 
     during winter.
o   Aff ect the growth and distribution of macrophytes and other vegetation in surface water
o   Provide preferential habitat and conditions for benthic aquatic life and hyporheos and enhances biodiversity
o   Contain the transition zones, which includes hyporheic zones, which buff er the changes in the quantity and 
     quality of water entering surface water bodies
o   Provide water purifi cation, maintain ecosystem health, mitigate erosion and fl oods, provide source  of nutrients
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the hyporheic zone and is part of the transition zone that exists in and adjacent to the streambed (see Figure 2.6).  
Th e hyporheic zone is highly variable and heterogeneous and is a unique hydrological, biological, and geochemical 
zone that has the potential to attenuate groundwater contaminants and naturally occurring chemicals that enter it 
(Chapter 3). 

Figure 2.2. Map of  upper bedrock units including aquifers in the Great Lakes Basin 
(from Grannemann et al. 2000).

Figure  2.1. Schematic diagram showing a variety of  different groundwater/surface water 
exchanges present in the Great Lakes Basin.
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Figure  2.3. Map of  the surficial geology in the Great Lakes Basin (from Neff  et al., 2006).

Figure  2.4. Map showing percentage of  base-flow contributing to annual stream and river flows in 
the Great Lakes Basin (from Neff  et al., 2005). A Base-Flow Index value of  1.00 means 100% of  the 

streamflow is frombase-flow, most of  which is typically derived from groundwater discharge.
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Figure  2.5. Plan-view schematic map showing gaining, losing, flow through and parallel flow 
(i.e., zero exchange) sections along a stream. Dashed lines show elevations of  the water table and 

arrows show flowpaths and directions of  groundwater flow (modified from Woessner 2000).

Figure  2.6. Schematic cross-section of  a riverbed showing the extent and variability of  
groundwater/surface water exchanges including hyporheic flow and extent of  the transition zone 

(modified from Conant 2014).
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Although such small scale fl owpaths and exchanges may not be considered important from a purely water quantity 
or water budget perspective (i.e., overall gain or loss of streamfl ow), processes in the hyporheic zone and other 
transition zones can be critical in determining the quality of water entering the stream and for creating habitats 
suitable for certain types of aquatic life. Lakes, ponds and wetlands can also have gaining, losing, and zero exchange 
areas, but are oft en fl ow through systems where groundwater discharges up into one part of the pond and surface 
water leaves the pond in another area to recharge the underlying groundwater (Winter, 1999). Hyporheic zones 
do not occur in lakebeds or wetlands (due to generally low fl ow rates); however, complex exchanges can occur 
beneath lakes and wetlands and within their transition zones.  One type of groundwater/surface water exchange 
that occurs along shorelines in lakes happens in the swash zone as a result of wave run-up onshore, particularly 
during storm surges or seiches.  Water coming on shore as wave run-up can infi ltrate into the beach and result in 
water mounding beneath the swash zone and then fl ow back to the lake while also mixing with some underlying 
groundwater (Crowe and Meek, 2009).

Groundwater/surface water exchanges can vary temporally in response to both long and short duration chang-
es.  Th e most prominent long-term variations occur as a result of seasonal changes in precipitation and evapo-
transpiration that aff ect groundwater and surface water levels, although various studies indicate that inter-annual 
variability and variability associated with longer climatic cycles also occur (Coulibaly and Burn, 2005; Dolan and 
Chapra, 2012).  Th e exchanges can also vary on shorter time frames.  For example, immediately aft er a storm event, 
streamfl ows and stream stages can increase more rapidly than adjacent groundwater levels thereby greatly reduc-
ing the fraction of groundwater contributing to streamfl ow relative to conditions during months with low precipi-
tation and few storm events. At peak streamfl ows the changes in stream stage can cause surface water to move into 
adjacent streambanks as bank storage (i.e., temporarily changing  streams from gaining to losing), then that water 
can subsequently discharge back to the stream when the stage declines.  Th ese changes can result in short duration 
(e.g., hourly or daily) wide spread reversals in hydraulic gradients, at times converting surface water into ground-
water (bank storage), and at times the reverse, when groundwater (stored in the bank) discharges to surface water.  
Similar types of reversals can occur along the edges of lakes where storm winds can cause short duration changes 
in surface water levels (i.e., wind driven pile up of water and seiches) relative to adjacent groundwater levels. Th ese 
variations are important when considering the transport of contaminants or nutrients by groundwater or the role 
of groundwater in maintaining habitats and moderating stream temperatures.

2.3 Quantities of Direct and Indirect Groundwater Discharge to the Lakes

Groundwater can enter the Great Lakes as direct discharge and indirect discharge. Th e connection between ground-
water and a Great Lake is considered to be direct when water fl ows into the Great Lakes through the lakebed and is 
considered indirect when groundwater is discharged into tributary waters (secondary lakes, streams, or wetlands) 
that then eventually fl ow into the Great Lakes.  A few attempts have been made to quantify direct infl ows into the 
Great Lakes using methods such as direct fi eld measurements, calculating water balances, and numerical modeling 
(reviews of prior work provided in Coulibaly and Kornelsen, 2013; Conant, 2014); however, each method is  sub-
ject to considerable uncertainty (e.g., Neff  and Nicholas, 2005; Coon and Sheets, 2006; Reeves, 2010). Th e water 
balance estimates of direct groundwater discharges to Lake Superior, Lake Huron, Lake Ontario, and Lake Erie, 
range from about 0.1% to 2.7% of the total infl ows (Neff  and Nicholas, 2005) but rely on assumed values of shore-
line groundwater discharge. Lake Michigan is the only lake for which a numerical groundwater fl ow model was 
developed at the whole drainage basin scale.  Th is model estimated 1.1% of the total infl ow for the lake was from 
direct discharge (Feinstein et al, 2010). By comparison, indirect discharges via tributary streams provide a greater 
groundwater contribution than direct discharge to the Great Lakes. Holtschlag and Nicholas (1998) estimated that 
indirect contributions to the Great Lake water ranged between 22% and 42% of the total input components for 
each lake (i.e., over lake precipitation, surface water runoff , and indirect groundwater discharge).  However, there 
is considerable uncertainty associated with these estimates because they were extrapolated from a relatively small 
number of streams in the United States portion of the Great Lakes Basin.
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Direct groundwater discharge to the Great Lake can occur through shallow or deep fl owpaths. Th e shallow fl ow-
paths correspond to shallow geological units, including both aquifer and non-aquifer deposits.  Th ese shallow 
fl owpaths are local in scale and more likely to have been impacted by contaminants than deep fl owpaths (Chapter 
3). In contrast, the deep fl owpaths are associated with deep geological units, including regional bedrock aqui-
fers, which underlie relatively large areas, and might contain older water predating any impact by contaminants. 
However, water from deep fl owpaths also might contain higher concentrations of dissolved solids or even be salty 
brines depending on the geological materials through which the water has fl owed (e.g., Kolak et al. 1999; Hoag-
lund et al. 2004; Ruberg et al. 2005). Discharge to lakes of shallow groundwater tends to be focused in nearshore 
areas, and generally decreases in magnitude exponentially with distance from the shore (McBride and Pfannkuch, 
1975; Lee 1977) although spatial heterogeneity and exceptions to this pattern has been observed in the Great 
Lakes by Cherkauer and Nader (1989) and Harvey et al.  (1997a, 1997b). In general, deep groundwater fl uxes are 
anticipated to be small compared to fl uxes of shallow fl owpath groundwater. Consequently, the assessment of the 
eff ect of groundwater in nearshore areas is of greater importance as part of the eff ort to restore and protect these 
critical zones.  Groundwater/surface water exchanges in nearshore areas are controlled by the geological materials 
constituting the shallow aquifer, the nature of the sediments on the lake bottom and by processes such as wave 
action, wind driven water level eff ects and evapotranspiration eff ects. For example, groundwater will preferentially 
discharge through unconsolidated glaciofl uvial sand and gravel aquifers rather than through the underlying low 
hydraulic conductivity bedrock or adjacent clayey unconsolidated materials. At a smaller scale, sand lenses can 
also create preferential fl owpaths. Similarly, coarser sediment deposits on the lakebed in the nearshore area will 
promote groundwater/surface water exchanges compared to fi ner grained silt and clay sediments that are normally 
found in in the deeper parts of the lakes. 
 
2.4 Groundwater Discharge in Great Lakes Basin – Relation to Water Quality

Th e fl ow and transport of quantities of groundwater to surface water will inherently have an eff ect on surface 
water quality.  Th e transported water may be relatively pristine and likely improve surface water quality, or it may 
be contaminated (e.g., road salt, nutrients, industrial compounds, dissolved metals, petroleum hydrocarbons, and 
pharmaceuticals and other emerging contaminants) and adversely aff ect the surface water quality (see Chapters 3, 
4 and 6 for a detailed discussion of contaminated groundwater discharges).  In some cases the concentration of the 
discharging groundwater is the main concern; in other cases the total mass loading of substances from ground-
water is the problem. In each case, it is necessary to know the quantity and fl owpaths of the discharging water to 
evaluate the eff ects on the receiving body of water. In particular, characterizing groundwater/surface water inter-
actions and how water passes through the transition zones is the key to understanding how to protect and manage 
aquatic ecosystems. 

In terms of water quality, groundwater plays key roles in moderating surface water temperatures to provide suit-
able habitats (Chapter 5), in moderating pH in surface waters, or providing nutrients that aff ect the growth and 
distribution of macrophytes and other aquatic vegetation (Chapter 5). Finally diff erential discharge patterns can 
provide preferential habitat and conditions necessary for benthic and hyporheic aquatic life and enhances biodi-
versity. Th e role that groundwater plays in shaping the quantity, quality, and type of habitats in the Great Lakes 
Basin is discussed in detail in Chapter 5.
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2.5 Human Eff ects on Groundwater/Surface Water Exchanges in the Great Lakes Basin

Human activities can aff ect the groundwater/surface water system in several ways including:
• groundwater pumping  that intercepts/diverts groundwater fl ow from reaching  surface water;
• groundwater withdrawals that induce infi ltration and capture of water directly from surface water bodies 
 (see following paragraph);
• urbanization and land use changes that alter groundwater recharge rates and runoff  into surface water 
 bodies (see Chapter 6), which could include development urban or other large or extensive infrastructures 
 such as dams, reservoirs, storm water retention ponds, tile drains, and sewer lines;
• Point source and non-point source contamination of groundwater that eventually discharges to surface 
 water where aquatic life and human exposures will occur (see Chapters 3 and 4).

In addition to these human activities, climate change can alter the occurrence, frequency and amount of precipita-
tion; amount of recharge to groundwater; and intensity of surface water runoff  (see Chapter 7).

Pumping of groundwater is an issue because it can reduce the amount of groundwater that would otherwise 
discharge to surface water and thereby adversely aff ect ecological habitats in surface water bodies.  Pumping can 
signifi cantly draw down groundwater levels, reverse the direction of fl ow between surface water and groundwater, 
induce infi ltration of surface water into the groundwater, and change the locations of groundwater divides. Th is 
reversal of fl ow can change areas of streams, lakes, or wetlands from gaining areas to losing areas (Winter et al. 
1998; Granneman et al. 2000, Reeves, 2010).  Overall reductions in the fl ux  of groundwater to surface water bodies  
will potentially cause these  bodies to have lower water levels (or even dry up), and potentially reduce the positive 
role of groundwater in surface water quality (e.g., lessen benefi cial thermal eff ects of discharging groundwater on 
habitats).  Induced infi ltration will alter the geochemical environment in the streambed, which may result in ad-
verse eff ects on the quality of surface water captured by the pumping wells, which then may become unsuitable for 
drinking without additional treatment.  

As discussed in Chapters 6 and 7, urbanization and climate change both have the potential to aff ect recharge rates 
from precipitation which can then aff ect surface water and habitats.  Impervious surfaces in urban areas and very 
intense rainfalls from more frequent extreme events caused by climate change will increase surface water runoff  
into drainage ditches and surface water bodies and cause detrimental eff ects such as fl ash fl oods with high volume 
and velocity fl ows that increase erosion and damage habitats.  Leaking sewers and water systems may add water to 
the shallow groundwater system (Chapter 6).  

Both the quantity and quality of groundwater play roles in maintaining healthy surface water systems. With re-
spect to ecosystems, one could argue that quantity is more important than quality because a reduction in quantity 
can result in complete loss of habitat. Without groundwater discharge, many streams, lakes, and wetlands could 
potentially dry out during the year because contributions of water from other sources such as direct precipita-
tion, overland fl ow, interfl ow, and return fl ow, are too short lived or of insuffi  cient quantities to off set losses from 
evapotranspiration, outfl ows, and human withdrawals. Without suitable habitat, the quality of the water is no 
longer relevant because life can no longer be sustained in these areas without water.  However, if the groundwater 
discharging to surface water is contaminated or of poor quality, it can result in toxic eff ects, anoxic conditions, 
eutrophication and algal blooms that also will make it unsuitable for aquatic life and human use (see Chapter 3, 
4 and 5). Ultimately, both groundwater quantity and quality must be properly managed to ensure healthy aquatic 
ecosystems in the Great Lakes Basin.

2.6 Priority Science Needs 

Th ere are many challenges to understanding the role of groundwater/surface water interaction in the Great 
Lakes Basin, and the groundwater eff ects on the chemical, physical and biological integrity of the waters of the 
Great Lakes.  Th ese eff ects are functions not only of the quantity of groundwater fl ow, but the concentration of 
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substances in that water, the total mass loading of a substance via groundwater,  the nature of the receiving water 
body (i.e., stream, river, pond, lake, or wetland), and the presence of ecological and human receptors. 

Much is still not known with respect to the role of groundwater – surface water exchanges in determining the 
health of the surface waters of the Great Lakes Basin.  Some of these unknowns are related to understanding fun-
damental processes controlling these exchanges whereas others are more related to characterizing the systems in 
suffi  cient detail to determine exactly what is happening and where.  Assessing the eff ect of groundwater on the 
chemical, physical and biological integrity of the Great Lakes Basin is further complicated by the wide variety of 
diff erent types of surface water bodies in the Great Lakes Basin and the possible interactions that can occur in 
each one.  All these issues and challenges related to groundwater/surface water exchanges can be grouped into the 
following fi ve priority science needs.   Additional details in terms of related science needs and information gaps 
are provided in Table 2.1.
 
i)  Tools are needed to appropriately characterize spatial heterogeneity and temporal variability in ground-
water/surface water exchanges.
Technologies and methodologies currently do not exist to collect the data necessary on the fi ne scales needed to 
characterize the spatial and temporal variability that is known to exist over large areas. Th ere is also a need for 
methods to evaluate, scale-up, and model these local scale variations in these exchanges to predict more regional 
scale eff ects in the Great Lakes Basin.

ii)  Accurate quantifi cation of groundwater discharges to surface water is needed.
Th e estimates of direct groundwater discharge to each of the Great Lakes are poorly known and have considerable 
uncertainty. More accurate water balances and fi eld measurements are needed to determine groundwater contri-
butions for the Great Lakes, lakes and ponds, and wetlands in order to assess relative importance of groundwater 
sources to each.  

iii)  Th e identifi cation of signifi cant groundwater fl owpaths to surface water and delineation of groundwater 
discharge zones are needed. 
Until groundwater fl owpaths and discharge zones can be properly mapped, one will not be able to accurately 
characterize exposures and evaluate the eff ect of contaminated water or nutrients on aquatic life (particularly for 
exposures within the transition zone).

iv)  Critical relationships between alterations in groundwater discharge and the negative eff ects on aquatic 
ecosystem health need to be determined.
Studies indicate that the transition zone is a valuable part the ecosystem and groundwater discharges are known to 
provide thermal refuges and spawning habitat for various kinds of fi sh and aquatic life. However, it is not known 
to what extent groundwater discharges can be altered or reduced by pumping or natural factors before adversely 
aff ecting the biota in the transition zone and overlying surface water.

v.)  Characterization and understanding of the role of transition zone processes on the quality of surface water 
are needed.
Th e transition zone is a dynamic and active biogeochemical zone that has the ability alter the quality of the ground-
water passing through this zone (i.e., attenuate some contaminants and nutrients).  
Th erefore, it will be very diffi  cult determine the eff ect of groundwater quality on surface water because the ground-
water quality can be signifi cantly altered just prior to discharging into the surface water body.

Most of the science needs and knowledge gaps pertaining to groundwater/surface water exchanges are related to 
resolving the small scale complexities and heterogeneities that are known to be important and then scaling them 
up to characterize the potential or actual eff ects on the wide variety of diff erent surface water bodies in the Great 
Lakes Basin.  Having a good understanding of the wide variety of diff erent types of exchanges is necessary for 
making informed and science based management decisions with respect to groundwater in the Great Lakes Basin. 
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Table 2.1 Priority science needs related to groundwater/surface water interaction.
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3. GROUNDWATER AND CONTAMINANTS IN THE GREAT LAKES BASIN

Brewster Conant Jr.1, James W. Roy2, Jeff rey Patzke3 

1University of Waterloo, Waterloo, ON, Canada
2Environment Canada, Burlington, ON, Canada
3Ohio Environmental Protection Agency, Columbus, OH, USA

3.1 Introduction
 
Th e focus of this chapter is on the direct transport of contaminants (substances released to the environment by 
human activities, see glossary) in groundwater to wetlands, streams, rivers, and lakes of the Great Lakes Basin, 
according to the pathways outlined in Chapter 2 (Figure 2.1). Th is topic was the impetus for the addition of Annex 
16 to the GLWQA in 1978. Th e risk posed by groundwater contaminants to the associated ecosystems of these 
surface waters depends on: i) the extent and distribution of contaminant sources, ii) the fate and ease of transport 
of the contaminants (and their degradation products) as they pass into and through the subsurface and to aquatic 
ecosystem receptors, and iii) the toxicity or harmfulness of the contaminants (including degradation products), 
or other deleterious changes (e.g., oxygen depletion with contaminant biodegradation) to the ecosystem condi-
tions caused by the groundwater contaminants. Water quality and ecosystems of the Great Lakes themselves may 
be aff ected both by direct discharge through lakebeds and through transfer of contaminants via groundwater 
discharges to tributaries and connecting water bodies (Chapter 2).

Groundwater/surface water exchanges can also have positive eff ects on the quality of surface waters in the Great 
Lakes Basin. For instance, uncontaminated groundwater inputs can reduce the concentrations of contaminated 
surface water through dilution. In such cases, groundwater discharge zones may be considered as areas of contam-
inant refuges for aquatic life. In addition, contaminated surface water that enters streambeds and lakebeds (i.e., 
in hyporheic zones and groundwater recharge zones) and then later returns to the same or a nearby surface water 
body may have reduced contaminant loads due to attenuation in the subsurface. 

Th e full extent and eff ect of contaminated groundwater discharges on surface water bodies in the Great Lakes Ba-
sin is not known. It is known that many sources of groundwater contamination exist in the basin and that ground-
water is a signifi cant and oft en major source of water for surface water bodies, and one with signifi cant ecological 
importance. Examples of some types of groundwater contaminants discharging to Great Lakes waters have been 
published, but very few of these studies have determined the eff ects on biota residing in the transition zone or the 
receiving water. Most of these studies focus on contamination at a single site or area (< 1 km scale), and scaling 
up of these results to estimate eff ects on the Great Lakes Basin is not currently feasible.  In Michigan alone, there 
are more than 15,000 documented cases of groundwater contamination that could, potentially, aff ect the quality 
of water in the Great Lakes.  Control of this contamination is recognized as important but is included in Federal, 
State, and local programs and not directly part of the GLWQA.

Th ere is a need for developing a better scientifi c understanding of the processes controlling the fate of 
contaminants, especially emerging contaminants, and their eff ects on aquatic organisms and their habitats, with 
respect to groundwater/surface water interactions and the transition zone. Th is understanding can then inform 
management decisions and can be incorporated into the prediction of total loadings and determining the ecological 
signifi cance of groundwater contaminants with respect to the Great Lakes, when using broader-scale models tied 
to fi eld knowledge of contaminant sources and inputs to surface waters. Much of this work requires integrated 
teams of ecotoxicologists and groundwater scientists, ideally working at targeted fi eld research sites using a long-
term, holistic, comprehensive, measurement-intensive approach. 
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3.2 Background Information on Groundwater Contamination Eff ects on Surface Waters 

3.2.1 Types and Sources of Groundwater Contaminants
Groundwater can become contaminated with a wide variety of chemicals and other substances; eight of the most 
common and important groups are outlined in Table 3.1. Th ese include nutrients, salts (e.g., road salt), metals, 
petroleum hydrocarbons and fuel additives, chlorinated solvents and additives, radionuclides, pharmaceuti-
cals and other emerging contaminants, pesticides, and microorganisms (including pathogens). Common char-
acteristics for many groundwater contaminants are: i) widespread use or presence in the environment, ii) high 
solubility in water, and iii) tendency not to sorb strongly to mineral or organic substrates (i.e., generally hydrophilic 
compounds), so they travel relatively easily through soils and geologic formations. Sources of groundwater 
contamination can be categorized according to the causation, spatial extent, and duration of the release(s) to 
the environment (Table 3.2). Many of these contaminants also enter surface water through other pathways, such 
as atmospheric deposition, urban / agricultural runoff , wastewater treatment plant discharge, and industrial 
outfl ows, which may lead to diffi  culties in identifying groundwater contaminant inputs. In contrast, contaminants 
that commonly contaminate lakebed or riverbed sediments (e.g., PCBs, PAHs, and some metals) tend to be highly 
hydrophobic; thus, they also tend to bioaccumulate and biomagnify. Th e physicochemical properties that make 
these contaminants sorb to the sediments also retard and limit their movement in groundwater, but nonetheless 
they can still discharge to surface water. 

In some areas, such as the urban environment, many diff erent types of sources may contaminate the local ground-
water, leading to complex mixtures (see Chapter 6 for further discussion). Typically, little or no information is 
publically or readily available regarding the mass of contaminants released to groundwater at a given site, or in a 
specifi c urban area.

Finally, it is important to note that there are naturally occurring chemicals (e.g., salt, mercury, arsenic, radon, 
methane) in groundwater that, at elevated concentrations, may be toxic and/or may have adverse eff ects on either 
human or ecosystem health. Various human activities (e.g., mining, dewatering, oil and gas extraction, contam-
inated site remediation) may act to increase these natural concentrations or transfer these chemicals along with 
the groundwater to adjacent areas (or to shallower depths) having naturally lower concentrations. For example, 
this is an important issue associated with hydraulic fracturing for extraction of unconventional gas, which is either 
occurring or proposed in several regions of the Great Lakes Basin.

3.2.2 Groundwater Contaminant Discharge to Surface Waters
Th e transport of contaminants in groundwater from their source to a surface water body is controlled by fl ow 
conditions and attenuation processes within the groundwater system (including the transition zone, Chapter 2). 
Groundwater-derived contaminants that make it to surface water are diluted, typically more rapidly in streams and 
rivers than in wetlands and lakes (except with strong wave action). Groundwater contaminants that are sorbed 
onto sediments can be mobilized through erosional processes, thus transported further within the receiving water 
body or to connecting waters. Th e groundwater transport and attenuation conditions are specifi c to the site and 
contaminant(s). 

Shallow groundwater is more likely to be impacted by contaminants, whereas deep groundwater may be so old that 
it predates industrial and agricultural activities that could have polluted it.  Not all groundwater discharges to sur-
face water bodies; thus, some groundwater contaminants may be captured by pumping wells or drainage features 
(e.g., tile drains, which subsequently discharge to surface water), or may be taken up by transpiring vegetation.

Patterns of discharge can be complex because of temporal and spatial diff erences in hydraulic conditions (see 
Chapter 2). In lakes, wave run-up on shores and large-scale, short-duration changes in water levels caused by 
storm surges and seiches can aff ect fl ow in the lakebed. Rivers and streams experience hyporheic fl ow and storm 
runoff -induced bank storage eff ects, and wetlands can experience similar storm-related events and longer dura-
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tion water level variations. Th erefore, contaminant plumes that reach the transition zone at surface water bodies 
experience complicated fl owpaths, which results in a variety of discharge patterns that can change over time.

Contaminant attenuation mechanisms include (see Table 3.1): sorption onto solid surfaces, mineral precipitation, 
radiogenic decay, microbial degradation, volatilization, and plant uptake (Schwartz and Zhang, 2003). Some of 
these processes may be enhanced in the transition zone. For example, dissolved metals in anoxic and reducing 
groundwater (e.g., iron, manganese, and arsenic) from mine tailings tend to oxidize, precipitate, and accumulate 
when introduced to oxygenated sediments at or below the sediment interface (Benner et al., 1995; Nagorski and 
Moore, 1999). Likewise, for many hydrophobic compounds, the higher organic content in the fresh sediments of 
streams and lakes may promote higher degrees of sorption than older materials encountered along the groundwa-
ter fl owpath. Organic-rich sediments also support high densities of microorganisms, which could promote degra-
dation of organic contaminants or the stripping of volatile contaminants, which preferentially transfer into biolog-
ically-produced gases (e.g., bubbles of methane) and may be trapped in place or transported to the surface water 
by ebullition of the gas. Contaminants may also be taken up by riparian or aquatic plants, or by aquatic organisms.

Figure  3.1.  A conceptual site model diagram of  the transition zone and groundwater discharge areas 
of  a stream, which shows schematically the distribution of  aquatic organisms (from USEPA, 2008).

3.2.3 Receptor Exposures and Potential Eff ects
Transition zones (including benthic zones) and groundwater discharge areas (Figure 3.1) provide habitats for a 
large variety of benthic and interstitial organisms (e.g., periphyton, shell fi sh, benthic invertebrates, vertebrates, 
plants, and endangered species), serve as thermal refuge for aquatic life, and provide benefi cial locations for fi sh 
spawning. If the groundwater in such areas is contaminated, the aquatic organisms are potentially susceptible to 
both short-term and long-term negative eff ects.  Th eir exposure to toxic contaminants may occur directly from 
the pore water or aff ected surface water, or from contact with or ingestion of aff ected sediment, detritus, or benthic 
organisms. Organisms in the transition zone may be exposed to harmful daughter products produced by contam-
inant biodegradation in this zone. Discharging plumes of contaminated groundwater oft en have low dissolved 
oxygen levels, which may also adversely aff ect aquatic ecosystems. 
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Table 3.1. Types of  common groundwater contaminants and relevant information 
(not fully comprehensive) for managing and evaluating their risk to the environment.
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Organisms that reside in groundwater discharge zones will typically be exposed to relatively high concentrations 
of contaminants before the groundwater is diluted with surface water. In contrast, those dwelling in hyporheic 
zones of streams or in wave swash zones of lakes will benefi t from some degree of subsurface dilution by infl uxing 
surface water. Within the surface water body, contaminant concentrations may range from those of the discharg-
ing groundwater (typically just above the sediment in stagnant waters) to near-background levels of the surface 
water body itself. 

Th e unique nature of the biota and possible exposure scenarios in the transition zone prompted the USEPA to 
issue guidance for evaluating groundwater/surface water transition zones in ecological risk assessments (USEPA, 
2008). Canada has also recently developed a guidance document for federal contaminated sites on this topic (Envi-
ronment Canada, 2014). Both promote application of existing water quality guidelines (freshwater ecosystems) to 
situations involving groundwater contaminants, including transition zone organisms. However, these guidelines 
do not include consideration of all common groundwater contaminants (e.g., vinyl chloride) or possible synergis-
tic eff ects of exposure to multiple contaminants simultaneously.

Finally, human uses of surface waters may be impaired if the groundwater-derived contaminants make water 
supplies non-potable or fi sh hazardous for human consumption (via contaminant bioaccumulation), or if 
they contribute to algal blooms that make these waters unsuitable for recreation. Th e potential economic cost 
associated with such adverse eff ects can be substantial. Th ese costs may result from the loss of water supplies 
and/or the need for expensive treatment, remedial actions, or replacement of the supply, or from damages to 
fi sheries and tourism. 

3.2.4 Characterizing Groundwater Contaminant Discharge
Th e potential for groundwater contaminants to reach a surface water body can be estimated from tracking where 
groundwater plumes fl ow to the surface water bodies, using groundwater data and conceptual or numerical mod-
els. However, to determine actual discharge locations in the transition zone or water body requires direct fi eld 
measurements (see Rosenberry and LaBaugh, 2008, for detailed discussion), given the uncertainties in attenuation 
processes and the potential for groundwater fl ow to by-pass some surface waters (e.g., Savoie et al., 1999 document-
ed a plume that travels under one pond to discharge to another one further down-gradient). Th e most common 
method to assess groundwater contaminant discharge is to measure increases in contaminant concentrations (or 
related groundwater tracers) within the surface water. However, this is oft en unsuccessful because concentrations 
frequently are reduced substantially by dilution not far from the discharge area or by other attenuation processes. 
In cases where contamination can enter the surface water by several diff erent routes, it is necessary to sample the 
water discharging from streambeds, lakebeds, and wetland deposits to defi nitively determine if groundwater is 
contributing to the surface water contamination. Groundwater can be sampled directly from the transition zone 
using piezometers or mini-profi lers (Conant, 2004; Roy and Bickerton, 2010) or passive vapour diff usion samplers 
(Church et al., 2002), which, combined with measures of groundwater discharge (see Rosenberry and LaBaugh 
(2008) for methods to measure discharge), can be used to assess the contaminant loading to the surface water

Table 3.2. Categorization of  anthropogenic sources of  groundwater contamination.
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body. Discharging groundwater can also be sampled directly with a seepage meter or assessed at the sediment 
interface with contaminant-specifi c probes (e.g., chloride probe). Indirect measurements include using geophysi-
cal methods for high-conductivity plume detection or observations of an unusual presence or absence of fl ora or 
fauna (Roy et al., 2009).

3.2.5 Groundwater Processes Improving Surface Water Quality
Groundwater, if relatively uncontaminated, may improve the water quality of contaminated surface waters, pos-
sibly providing areas of contaminant refuges in groundwater discharge zones in an otherwise contaminated sur-
face water body. Th is may be analogous to groundwater infl uences on thermal refuges (see Chapter 5 for further 
details). For example, the stretch of the Grand River between Cambridge and Branford, Ontario has been termed 
“the recovery reach” because incoming groundwater dilutes the surface water that is contaminated with sewage 
treatment plant effl  uents. Likewise, contaminants in surface waters may enter the shallow sediments or aquifer 
system and become attenuated (as described above) prior to discharging to the same or another surface water 
body. Indeed, the hyporheic zone has been termed the “river’s liver” (Fisher et al. (2005). Finally, Ledford and 
Lautz (2014) showed that stream water fl ow into and out of riparian zone sediments (e.g., bank storage) reduced 
temporal variation (i.e., lowered peak values) in urban stream chloride concentrations, which were linked with 
road salt runoff . 

Groundwater fl ow direction can also infl uence toxicity of contaminants in transition zone sediments. For example, 
Greenberg et al. (2002) concluded that down-welling reduced the bioavailability of chlorobenzenes in the surfi cial 
sediments by mobilizing the freely dissolved and colloid-bound fractions down and away from benthic organisms, 
thereby reducing the in- situ exposure of the organisms.

3.3 What Information Exists and What are the Information Gaps for the Great Lakes Basin? 

3.3.1 Identifying Contaminant Sources
As outlined in Table 3.1, there are many potential groundwater contaminant sources in the Great Lakes Basin, in-
cluding natural sources, inputs related to agricultural practices and urban activities, and those from major indus-
tries (e.g., mining, oil and gas, manufacturing). Th is list of contaminants is similar to the lists others have created 
and discussed in detail (Environment Canada, 2001; Great Lakes Science Advisory Board to the IJC, 2010). As 
described in Chapter 2, combined direct and indirect groundwater fl ow into the Great Lakes is very signifi cant 
and, consequently, contaminants in the groundwater have the potential to aff ect the Lakes.

Incidents of groundwater contamination are quite common and well known, with information residing in many 
government databases (Table 3.3) and the published scientifi c literature. Additionally, ambient groundwater qual-
ity monitoring programs may contain data that could indicate areas of potential groundwater contamination (also 
Table 3.3).  However, none of these data sources can be readily searched in a manner that would identify or display 
locations of actual or potential contaminated groundwater discharge into surface waters of the Great Lakes Basin. 
Some of the most promising sources are the Source Water Protection Plans being developed for each watershed 
in Ontario as required by the Ontario Clean Water Act, 2006 (Ontario Regulation 287/07) (Ministry of the En-
vironment (MOE), 2006). Some studies have collated information for particular areas – for example, a report by 
MacRitchie et al. (1994) on groundwater quality in Ontario indicated that there are a large number of chemical, 
petrochemical, steel producing, and other industries located along the Great Lakes connecting channels and sum-
marized their potential to be sources or potential sources of groundwater contamination. According to the Upper 
Great Lake Connecting Channels Study (Nonpoint Source Workgroup, 1988a,b,c,d), 214 sites were identifi ed on 
the U.S. side of the lakes (in Michigan) and 110 sites were identifi ed on the Canadian side of the channels. How-
ever, the vast majority of site-specifi c information that exists regarding contaminated groundwater discharges to 
surface water is contained in consultant reports submitted to site owners and/or regulatory agencies. Th ese reports 
are typically confi dential and not publically accessible in database searches of the USEPA or MOECC web sites. 
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It is likely that much groundwater contamination goes undetected, especially at locations distant from munici-
pal drinking wells and from federal (USGS) and state/provincial monitoring wells (Figure 3.2), which oft en are 
relatively deep and may be the only wells in the area that are routinely tested for a wide range of contaminants 
(especially emerging contaminants; Table 3.4). Groundwater quality surveys are diffi  cult and expensive to 
conduct and generally suff er from poor spatial coverage, potential dilution eff ects by sampling long-screened 
wells, and limited chemical analyses (i.e., oft en focused on only a few types of contaminants). Some examples of 
groundwater quality surveys relevant to the Great Lakes Basin include Warner and Ayotte (2014), Dubrovsky et al. 
(2010), Groschen et al. (2004), Myers et al. (2000), and Peters et al. (1998).

Table 3.3. Examples of  databases with information on the locations of  contaminated groundwater 
in the Great Lakes basin. (not an exhaustive list, especially for the State governments).
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Figure  3.2.  Locations of  monitoring wells in the Great Lakes Basin with publicly available water 
quality analyses conducted between 1994 and 2015.  Sources: USGS National Water Information 

System (1759 wells); Ontario Ministry of  Environment and Climate Change, Provincial Groundwater 
Monitoring Network (358 wells).

3.3.2 Studies Documenting Contaminated Groundwater Discharges into Surface Water
Th ere are few relevant documents provided in the scientifi c literature for contaminated groundwater discharge to 
surface water bodies of the Great Lakes Basin. A summary of these is provided in Table 3.5. Note that additional 
studies of nutrients are discussed in Chapter 4.  Many of the published studies involve localized contamination 
(e.g., a single point source contaminant plume) and focus on fate and transport processes, including in the transi-
tion zone. For example, studies are available of chlorinated solvent plumes of contaminated groundwater discharg-
ing to streams (Ontario; Conant et al., 2004) and lakes (Michigan; Lendvay et al., 1998a, 1998b) of the Great Lakes 
Basin. Several of these studies reported measurable concentrations in the receiving water. Others, such as Bain et 
al. (2000), who examined the reactive transport of acidic drainage in groundwater near Sudbury Ontario from the 
Nickel Rim Mine to a lake, note discharge to a surface water body but focus mainly on groundwater processes. 

Non-point contaminant sources, such as agricultural application of nutrients (see Chapter 4 for a detailed 
discussion) and road salt, are also important and the subject of several studies. Chloride attributed to the appli-
cation of road salt has been found in streams at levels above acute and chronic toxicity levels, including at times
(e.g., summer) when groundwater would be the dominant contributor of water (Corsi et al., 2010). A review of 
previous studies contained in Howard and Maier (2007) found several examples where groundwater and springs 
in the Toronto, Ontario area have 100s to 1000s of mg/L of chloride and as high as 14,000 mg/L at one location near 
a highway. Road salt inputs with groundwater to streams have also been noted for the Frenchman’s Bay watershed 
near Pickering, Ontario (Meriano, et al., 2009; Eyles and Meriano, 2010) and at sites in northern municipalities 
of the U.S. (e.g., Milwaukee, Wisconsin) (Corsi et al., 2010). Such indirect groundwater inputs via discharge to 
streams fl owing to the Great Lakes ultimately contribute to the increasing chloride concentrations and mass load-
ing that have been observed in each of the Great Lakes (Chapra et al., 2009). 

Almost all the activities and potential sources of contamination listed in Table 3.1 can occur in urban environ-
ments. Th ese can lead to numerous point source and non-point source releases of contaminants, which togeth-
er comprise the non-point source urban contaminants. Studies of urban-sourced contaminants discharging to 
the shoreline of Lake Simcoe, Ontario (Roy and Malenica, 2013) and numerous streams in Ontario (Roy and
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Bickerton, 2012) revealed contaminant levels in the transition zone higher than aquatic life guidelines for chloride 
(road salt), nutrients, petroleum hydrocarbons, chlorinated solvents, and metals. Other compounds (including 
some emerging contaminants) were also detected at lower levels, including 1,4-dioxane, MTBE, perchlorate, gly-
phosate, 2,4-D, and several artifi cial sweeteners (e.g., acesulfame and saccharin). Th e fi ndings suggest this sort of 
eff ect may be common for surface waters adjacent to urban centers. A modeling study by Howard and Livingstone 
(2000) inventoried possible urban groundwater contaminant release locations in the Toronto area, assumed con-
centrations and contaminant loading at those locations (e.g., landfi lls, snow dumps, septic systems, underground 
storage tanks, agricultural areas, and roads (road salt)), and simulated concentration and arrival times at streams 
and Lake Ontario. Th e study concluded the urban contamination would seriously threaten the quality of urban 
streams and shallow near-shore areas of Lake Ontario over the next 100 years and continue to be a problem 
thereaft er.

Table 3.4. Types of  emerging contaminants (i.e. chemicals of  emerging concern; new or 
increased detections due to improved analytical capabilities), according to a study in the 

United Kingdom by Stuart et al. (2012). Excludes pesticides, which are included as a separate 
contaminant group in Table 3.1.
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Table 3.5. Studies published in the peer-reviewed scientific literature reporting on field observations 
of  groundwater contaminant discharge to surface waters of  the Great Lakes basin (excludes studies 

on Great Lakes Areas of  Concern, which are listed in Table 3.6).

Table 3.6. Great Lakes Areas of  Concern (AOCs ; Figure 3.3) with studies reporting 
direct discharges of  contaminated groundwater to surface waters.
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Figure 3.3. Map showing Areas of  Concern (AOCs) for the Great Lakes 
(from Environment Canada and the Ontario Ministry of  the Environment, 2011).

Many of the most common contaminants or sources have not received much, if any, attention in the peer-reviewed 
literature to date with respect to discharges to Great Lakes surface waters. For example, no studies of hydrocarbon 
contaminant plumes discharging to surface water bodies of the Great Lakes were found, but it is suspected numer-
ous consultant reports contain relevant data that are not publically available, such as for a 600 m (2000 ft ) wide 
benzene plume discharging to Lake Michigan (Conant, 2010, 2012; and Conant et al., 2012a, 2012b) that resulted 
in surface water concentrations higher than drinking water and aquatic life standards.

Direct discharges of groundwater and contaminated groundwater to the lakes have been reported for several of 
the AOC sites (Table 3.6), despite the fact that surface water discharges or sources of contaminants (e.g., sewage 
treatment plant effl  uent, pulp mill effl  uent, and urban and agricultural runoff ) have generally been identifi ed as the 
primary sources of contaminants. It’s not clear that groundwater sources of contamination have been adequately 
assessed at many of these sites, and instead the focus is oft en on contaminated sediment with little attention to the 
role of groundwater.  However, in a 1989 report, contaminant loading via groundwater (315 kg/day) was thought 
to be roughly equal to the loading from all point sources combined (307 kg/day) at the Niagara River binational 
AOC in western New York (Hodge, 1989). As a result, cleaning up the Niagara River (and Lake Ontario) is expect-
ed to be diffi  cult, owing in part to technical limitations, the large amount of chemical waste, and complex hydro-
geological conditions at the four major Superfund sites in the area, as well as the high levels of contamination in 
groundwater below operating industrial facilities. Eliminating point source surface water discharges is relatively 
simple in comparison to addressing loading via groundwater (Hodge, 1989).
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Broader scale assessments (e.g., km-scale and above, whole river or lake) have not been attempted. Th us, it is not 
known where the worst discharges of contaminated groundwater to surface water are occurring in the Great Lakes 
Basin or to what extent (and again where) contamination is accumulating in lakebed or riverbed sediments as a 
result of groundwater discharging into the sediments from below. In addition, it is not known how discharges of 
contaminated groundwater to surface water will change over time. Th ere is some evidence to suggest that the worst 
may be yet to come for non-point source contaminants such as road salt and nitrate applications, given the long 
residence times of groundwater fl ow systems. Th us, groundwater contaminated by applications decades ago may 
only be reaching some surface waters now. 

In contrast, there has likely been a reduction in contamination of groundwater by petroleum hydrocarbons as 
a positive result of the improved regulation of underground storage tanks. For example, since 1985, U.S. federal 
and state programs have signifi cantly reduced the risk of new releases by implementing release-prevention and 
leak-detection requirements and establishing improved design, installation, and operational technical standards. 
Additionally, programs have overseen the cleanup of nearly 351,000 leaking tank sites (Ground Water Protection 
Council, 2007).

3.3.3 Estimating the Eff ect of Groundwater Contaminants on Receptors
Th e most common method for evaluating groundwater contaminant eff ects on surface water ecosystems involves 
comparing transition zone concentrations to aquatic water quality guidelines (e.g., Conant et al., 2004; Lorah et 
al., 2005; Roy and Bickerton, 2012; Roy and Malenica, 2013). Th ere are only a few studies from the Great Lakes 
Basin that have directly linked groundwater contaminants to impaired aquatic ecosystems. In one, Williams et al. 
(1999) sampled water and biota at salt-aff ected groundwater springs and found concentration-dependent patterns 
of salt tolerant and non-salt tolerant macroinvertebrates at the springs. Dickman and Rygiel (1998) noted marked 
changes in stream biota for a groundwater-fed stream fl owing below a landfi ll from 1976 (pre-landfi ll) to 1991, 
with pollution-sensitive invertebrates such as scuds, mayfl ies and caddisfl ies replaced by pollution-tolerant snails, 
sludge worms, nematodes and blood worms. However, actual measurements of discharging groundwater quantity 
and quality were not made.

Th e literature lacks studies regarding how much the surface water or transition zone can be aff ected by contam-
inated groundwater discharges before there are detectable adverse eff ects on this habitat. Likewise, information 
is lacking regarding potential correlations between common groundwater contaminant discharge areas and any 
eff ects on sensitive aquatic habitats.

3.4 Priority Science Needs to Fill Information Gaps

Th e overall eff ect of contaminated groundwater on surface water in the Great Lakes Basin is currently unknown 
because of gaps in scientifi c knowledge and insuffi  cient information with respect to groundwater contamination 
in the basin. Some of the priority science needs relate to fundamental groundwater fl ow processes (see science 
needs outlined in Chapter 2 regarding improved understanding of the hydrogeology of transition zones and better 
quantifi cation of groundwater contributions to wetlands, streams, and lakes of the Great Lakes Basin) and further 
mapping of groundwater fl ows in shallow and deep aquifers in the Great Lakes Basin. Whereas, other priority 
needs relate to the relationships between groundwater contributions and maintaining ecological habitats (see sci-
ence needs in Chapter 5). Resolving those science needs are necessary to inform our understanding of groundwa-
ter contaminant eff ects on Great Lakes waters. Specifi c science needs that are critical to fully understanding and 
assessing the eff ects of contaminated groundwater are listed below. All of these should give special consideration 
to addressing the winter season, and exposures during critical life cycle stages for aquatic organisms, which have 
received little research attention.
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i) Methods for detection and assessment of contaminated groundwater discharges
Th e complex fl ows and heterogeneous nature of attenuation processes in groundwater can lead to variations in 
contaminant concentrations over a wide range of scales (cm to km). Rapid, inexpensive and better fi eld-based 
sampling, sensing, and measuring methods and tools are required to more fully assess the eff ects of contaminat-
ed groundwater discharges on surface water and the key processes aff ecting it over these spatial scales and over 
time. Until groundwater contaminant discharges can be properly delineated and quantifi ed, we will be unable to 
determine exposures with certainty or to prioritize remedial actions. Likewise, models to simulate geochemical 
processes and to estimate contaminant fl uxes at larger scales will not be able to be confi dently calibrated or vali-
dated without this kind of data.

ii) Assessing the remediation potential of the transition zone
Although the potential of the transition zone to attenuate contamination in groundwater has been demonstrated, a 
considerable amount of work remains to be done to understand these attenuation processes suffi  ciently to evaluate 
their true eff ectiveness for the wide variety of contaminants. Th is work is especially necessary for the plethora of 
emerging contaminants (Table 3.4), because it has implications for determining exposures for aquatic life and for 
remediation strategies. Th is work is required at sites covering the full range of geological and groundwater/surface 
water exchange conditions in the Great Lakes Basin.

iii) Sensitivity of transition zone organisms – re-assess and expand coverage of guidelines?
Th ere is a need for toxicity information (fi eld and lab) to: i) develop appropriate water quality criteria for the wide 
variety of groundwater contaminants that are still lacking guidelines or standards, including emerging contami-
nants (Table 3.4), and ii) to assess the applicability of current aquatic life guidelines (USEPA, 2015; CCME, 2015) 
to organisms exposed to contaminated groundwater within the transition zone (as directed by USEPA (2008) and 
Environment Canada (2012). Guidance is also lacking regarding how to evaluate possible synergistic eff ects of 
multiple contaminants in the transition zone. 

iv) Actual ecological eff ects of groundwater contaminants
Very few studies have examined the ecological eff ects of discharging groundwater contaminants (singly or as mix-
tures) on aquatic organisms, either within the transition zone or in the receiving water. Part of the reason for this 
may be a lack of appropriate testing methods. Th us, new in- situ toxicity tests that target ecotoxicological eff ects 
of contaminated groundwater, especially in the transition zone, are needed. Th ese new tests must be capable of 
assessing variable eff ects over fi ne spatial scales and long temporal scales. Th ese tools should then be applied in 
integrated ecotoxicological and hydrological studies to determine aquatic organism responses to contaminants 
under fi eld conditions, leading to evaluations of the subsequent repercussions to the larger ecosystem. Th e fi nd-
ings of these studies will also help in assessing the ecological costs and benefi ts of using the transition zone for 
in- situ plume remediation.

v) Regional-scale contaminant loading to Great Lakes waters
To assess the potential broader-scale eff ects of groundwater contaminants on surface waters in the Great Lakes 
Basin, understanding of site-scale eff ects (e.g., mass loadings, ecological eff ects, etc.) of various contaminant 
sources must be related to regional scale contaminant source databases (e.g., GIS-based). Ideally, predictions of 
water quality eff ects would be made using site data and sophisticated hydrological models that account for the 
physical fl ow and contaminant transport and fate processes, appropriately scaled-up to provide accurate estimates. 
However, detailed information is lacking for the predominant groundwater fl ow systems that discharge to surface 
water in many areas of the Great Lakes Basin. Until such information becomes available, regional scale contami-
nant source databases (e.g., GIS-based methods) and black-box-type models, such as the Lake Capacity Model for 
septic system inputs to Canadian-shield lakes likely will continue to be used, but the results should be viewed with 
caution due to their inherent limitations. 
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Table 3.7 Priority science needs related to groundwater and contaminants.
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4.1 Introduction

Nutrients are currently one of the most important contaminants in the Great Lakes Basin and subsequently 
warrant their own Annex in the GLWQA (Annex 4).  Th e pervasiveness of nutrient contamination is in part 
due to the numerous point sources (e.g., wastewater effl  uents) and the large spatial extent of non-point sources 
(e.g., agriculture).  Although essential for life, in excessive concentrations of nutrients can degrade water quality 
by stimulating excessive macrophyte and algal growth (eutrophication), and in some cases the subsequent de-
struction of fi sh and wildlife habitats and loss of species diversity (National Wildlife Federation (NWF), 2011; 
Phosphorous Reduction Task Force (PRTF), 2012). Furthermore, eutrophication negatively aff ects human water 
uses such as recreational activities, tourism, fi sheries, and drinking water supply (e.g., International Joint Com-
mission (IJC), 2011). As phosphorus (P) typically limits primary production in freshwater ecosystems, excessive 
P loading is implicated as the main contributing factor to eutrophication in the Great Lakes (PRTF, 2012). Under 
certain conditions, excessive nitrogen (N) can also promote algal growth, including toxic blue green algae blooms 
(Moon and Carrick, 2007; NWF, 2011). In addition to P and N, silica and iron have also been shown to stimulate 
algal growth in the Great Lakes (Moon and Carrick, 2007; North et al., 2007).

While eff orts to reduce nutrient loading to the Great Lakes were successful in reversing the rapid deterioration of 
water quality experienced in the 1960s, they have not been suffi  cient. Over the past decade, eutrophication and the 
occurrences of algal blooms continue to increase in the Great Lakes (PRTF, 2012). Management of nutrient load-
ing to the Great Lakes has focused primarily on controlling inputs from point sources (e.g., wastewater treatment 
plants), banning P detergents, and implementing agricultural best management practices.

While groundwater is oft en identifi ed as a potential non-point nutrient source (e.g., Barton et al., 2013), its role re-
mains poorly understood, in part because of the diffi  culty in quantifying groundwater nutrient loading to surface 
waters (Burnett et al., 2003). Groundwater discharges to surface waters in the Great Lakes Basin either by indirect 
discharge into tributaries or direct discharge into the Great Lakes (Grannemann et al., 2000). Th e factors aff ecting 
these two discharge pathways and their respective contributions to nutrient loading to the Great Lakes are dis-
tinct (Section 4.4). Evaluating groundwater as a nutrient source to the Great Lakes and their tributaries requires 
knowledge of the (i) sources of nutrients in groundwater, (ii) groundwater fl owpaths and the associated nutrient 
transport, and (iii) geochemical processes that regulate the fate of groundwater nutrients.

4.2 Nutrients in Groundwater 

4.2.1 Nitrogen
Nitrogen is present in groundwater in diff erent forms: soluble organic N, NH4

+ (ammonium), NO3
- (nitrate), 

NO2
- (nitrite), and N associated with sediment as exchangeable NH4

+ or organic N. Cycling of N is extremely 
dynamic with complex processes, mostly microbially-mediated (Figure 4.1). Th e mobility of N in groundwater 
depends on its specifi c form.  A comprehensive review of the N cycle is beyond the scope of this report and is 
provided by Rivett et al. (2008) and Burgin and Hamilton (2007).  Here we discuss some key aspects that pertain to 
groundwater nutrients.
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NO3
- is very soluble and mobile in groundwater and is subsequently one of the most ubiquitous groundwa-

ter contaminants. Denitrifi cation, the reduction of NO3
- to N2O (nitrous oxide gas) and N2 (nitrogen gas) is 

the dominant process for NO3
- attenuation in the subsurface.  Other alternative pathways by which NO3

- can 
be transformed include: (i) dissimilatory NO3

- reduction to ammonium (DNRA), (ii) assimilation of NO3
- into 

microbial biomass; and, (iii) NO3
- removal via vegetation uptake (Rivett et al., 2008). 

Denitrifi cation occurs under anaerobic conditions when suitable electron donors (typically organic carbon, 
reduced iron and/or reduced sulfur) are available. Th ese conditions oft en exist near the interface between ground-
water and surface waters, for example, in riparian zones (Gold et al., 2001; Mayer et al., 2007; Puckett, 2004; 
Puckett and Hughes, 2005; Vidon and Hill, 2004) and hyporheic zones (Harvey et al., 2013; Ranalli and Macalady, 
2010). Subsequently, these zones can have a disproportionate eff ect on regulating fl uxes of N from groundwater to 
surface waters (see Section 4.4).

Figure  4.1. Some key biogeochemical and physicochemical (phys.) reactions of  the nitrogen cycle 
in terrestrial and aquatic environments.  Compounds are organized according to their phase and the 

oxidation state of  the nitrogen atom.  Figure from Böhlke et al. (2006); used with permission.

NH4
+ is much less mobile than NO3

-  in groundwater as it readily adsorbs to sediment. In oxic environments, NH4
+ 

can be converted to NO2
- and NO3

- via nitrifi cation and, in anaerobic environments NH4
+ can combine with NO2

- 

to produce N2 gas via anaerobic ammonium oxidation (anammox) (Rivett et al., 2008). Although under certain 
hydrogeological and geochemical conditions NH4

+ can be delivered to surface waters via groundwater, NH4
+ is 

oft en delivered via sediment erosion and surface runoff  (Balderacchi et al., 2013).

4.2.2 Phosphorus
Phosphorus exists in the environment as inorganic and organic P, as either particulate or soluble forms. Inor-
ganic soluble P (e.g., orthophosphate (PO4

3-)), is the most important form of P as it is the form used by aquatic 
biota. Soluble PO4

3- can react with cations (e.g., iron, aluminum, calcium and manganese) to form stable minerals, 
adsorb to sediment, or be taken up by plants and converted to organic P. Organic P can be returned to a system as 
PO4

3- by animal wastes and the decomposition of plant materials. P tends to accumulate in sediment, presenting 
major challenges for water quality management eff orts. “Legacy” P that has accumulated in landscapes may act as 
a source of P to water bodies for a long time, even aft er changes in land use and management practices are imple-
mented (Jarvie et al., 2013).
Due to its tendency to accumulate in sediment, there is a long-held belief that PO4

3- is not very mobile in 
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groundwater, and that surface runoff  and sediment erosion dominate P loading to surface waters (e.g., Owens 
and Shipitalo, 2006; Sharpley et al., 1993). However, increasing evidence suggests that, under certain hydrogeo-
logical and geochemical conditions, PO4

3- can be mobile in groundwater. An assessment of P concentrations in 
national groundwater quality monitoring data from Republic of Ireland, Northern Ireland, Scotland and England 
and Wales indicated that the majority of samples had P concentrations above important ecologically relevant 
thresholds (Holman et al., 2008). Roy and Malenica (2013) also provide a list of studies that have reported high 
dissolved PO4

3- in groundwater in both rural and urban settings. PO4
3- tends to be more mobile in aquifers with 

high pH water, high organic content, low metal oxide content and anoxic conditions (Carlyle and Hill, 2001; 
Domagalski and Johnson, 2011; Domagalski and Johnson, 2012). PO4

3- mobility can also be high when 
sediments have become saturated with P. 

4.3 Nutrients in Groundwater in the Great Lakes Basin

Groundwater quality in the Great Lakes Basin is generally good but nutrient concentrations, particularly NO3
-; are 

oft en elevated in urban and agricultural areas (Dubrovsky et al., 2010; IJC Great Lakes Science Advisory Board 
(GLSAB), 2010). Groundwater nutrient concentrations vary widely due to land use practices, landscape char-
acteristics and local hydrogeological and geochemical conditions. Groundwater quality is routinely monitored 
at wells throughout the Great Lakes Basin, especially at the local level where groundwater is a source of drink-
ing water. Th e U.S. Environmental Protection Agency (EPA) drinking water standard (Maximum Contaminant 
Level) and the Ontario Drinking Water Quality Standard for NO3

-  are 10 mg/L (as N) (Ontario Ministry of the 
Environment, 2008; U.S. EPA, 2002). Th e Canadian Guideline For Th e Protection Of Aquatic Life is even lower 
(2.95 mg NO3--N/L). 

Regional groundwater quality networks such as the USGS NAWQA Program have been established and these 
networks improve the availability and accessibility of historical groundwater quality data (IJC GLSAB, 2010). 
Groundwater quality data routinely collected at the local level however is not included in these regional networks 
and databases. While no reports compiling and assessing groundwater quality in the Great Lakes Basin, including 
historical trends, were found (U.S. and/or Canadian), the USGS NAWQA Program reported that NO3

- concentra-
tions exceeded background levels in 64% of shallow aquifers sampled in agricultural and urban areas across the 
U.S. (Dubrovsky et al., 2010). Further, a survey of farm drinking wells sampled through Ontario showed 14% of 
wells had NO3

--N concentrations above the 10 mg/L drinking water quality limit (Goss et al., 1998). 

Th e USGS NAWQA Program found that concentrations of other nutrients, including P and other forms of N, 
were generally not elevated in most areas (Dubrovsky et al., 2010). However, most groundwater wells are not 
located in riparian zones, where geochemical reactions generally decrease NO3

- and increase PO4
3- 

concentrations in groundwater prior to its discharge to surface waters. Th erefore groundwater assessments such as 
the USGS NAWQA Program likely do not provide a complete picture of the impact groundwater has with respect 
to transporting PO4

3- to surface waters (Holman et al., 2008; Roy and Bickerton, 2014). 

4.4 Sources of Nutrients in Groundwater

4.4.1 Agricultural Sources
Th e application and storage of fertilizer and animal manures can be a source of groundwater nutrient pollution 
where these agricultural land use activities are practiced (Almasri, 2007; Nolan et al., 1997; Withers and Lord, 
2002). With about 35% of land in the Great Lakes Basin being farmed, agriculture is a signifi cant potential source 
of nutrients to aquifers, particularly in the southern and eastern portions of the basin where agriculture is an 
important land use activity (McIsaac, 2012). 

Although the intensity of agriculture in the Great Lakes Basin continues to increase, P fertilizer application rates 
have slightly decreased in recent years due to the implementation of legislation requiring nutrient management 
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plans. N fertilizer application rates however have “remained constant or increased at a relatively slow rate” (McIsaac, 
2012). Lefebvre et al. (2005) reported that NO3

- leaching to groundwater increased by about 24% between 1981 
and 2001, due mainly to increasing fertilizer application and livestock numbers.   Th ere are some federal–provin-
cial programs in place to promote best management practices that are designed to reduce groundwater NO3- con-
tamination, however their adoption by agricultural producers needs to be improved (Th e Council of Canadian 
Academies (CCA), 2009).

Subsurface artifi cial drainage systems, including tile-drains, are oft en used in agricultural areas throughout the 
Great Lakes Basin. Th ese systems provide a direct conduit to surface waters and as a result may rapidly deliver 
leached nutrients to surface waters (Dinnes et al., 2002; Hansen et al., 2002; van Es et al., 2004). Dinnes et al. (2002) 
provides a good overview of the impact of tile drains in transporting transport nutrients from soil to surface waters 
in Midwestern U.S. agricultural environments.

Intensive livestock operations are of particular concern for nutrient groundwater pollution due to the large amount 
of manure produced and the potential for its improper storage and land application.  Th e resulting accumulation 
of nutrients in the soil can lead to excessive N and P concentrations in groundwater and have long lasting eff ects 
(Sharpley et al., 2013). 

4.4.2 Non-Agricultural Sources
Many non-agricultural sources also contribute to nutrient groundwater pollution. In some cases, NO3

- concen-
trations in groundwater have been found to be higher in urban areas than in surrounding agricultural areas 
(Nolan et al., 1997; Wakida and Lerner, 2005).    

Septic systems.  An estimated 20% of septic systems cause excessive nutrient leaching into groundwater due 
to poor design, poor maintenance and inappropriate site conditions (CCA, 2009; IJC, 2011). Many waterfront 
residences along the shores of the Great Lakes are located where the conditions are not suitable for the use of 
septic systems (IJC, 2011). Also, many small seasonal cottages are being replaced by large year-round homes that 
continue to use septic systems despite considerable increases in water use. Th e IJC GLSAB (2010) has summarized 
the extent of septage application and related policies, septic system installations, failure rates, regulations and 
management initiatives in the Great Lakes Basin.

Leaky infrastructure.  In urbanized areas, leaky underground sewer lines are a concern for groundwater quality 
(see also Sections 6.1.1 and 6.1.2).  Th e IJC GLSAB (2010) estimates that 30% conveyance loss is common, that 
thousands of line breaks occur every year in the Great Lakes Basin due to aging infrastructure, that 85% of U.S. 
water infrastructure will have reached the end of its life by 2020, and that about 45% of the sewer lines in the U.S. 
will be in poor or worse condition then.  Nutrient loading to groundwater from leaky sewers in the basin is not 
well quantifi ed and merits study.  

Landfi lls and industry.  Th e eff ect of municipal and industrial landfi lls on groundwater quality in the Great 
Lakes Basin has been widely reported (Coakley, 1989). Leachate from municipal landfi lls typically has a high con-
tent of N, predominantly NH4

+, with concentrations between 50 - 2200 mg/L observed (Christensen et al., 2001; 
Kjeldsen et al., 2002).  While protective regulations are now in place throughout the basin, landfi lls, particularly 
closed unlined landfi lls, may be long-term sources of nutrients to aquifers (Eyles and Boyce, 1992). Many landfi lls 
are located along the shores and tributaries of the Great Lakes, thus increasing the likelihood of leachate impacting 
surface waters. 

Current and historical industrial activities can also be sources of nutrients to groundwater. N and P compounds 
are used in many industrial processes (e.g., textile, plastic and metal treatments, steel production, household and 
pharmaceutical production) (Wakida and Lerner, 2005). Elevated nutrient concentrations in groundwater are also 
associated with poor leachate disposal at coal gasifi cation facilities, including discharges with NH4

+ concentrations 
between 50 - 1000 mg/L (Wakida and Lerner, 2005). 
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Atmospheric deposition.  In less developed areas of the Great Lakes Basin, atmospheric deposition may be the 
largest non-point source of N to groundwater (Dubrovsky et al., 2010). Atmospheric deposition includes inputs 
from rain and snow (known as wet deposition), and gaseous and particulate transport from the air to terrestrial 
and aquatic landscape surfaces (known as dry deposition). Th e highest N deposition rates in the U.S. (>2 tonnes 
per square mile) are estimated to occur in a band from the upper Midwest through the Northeast states (Dubrovsky 
et al., 2010). Although atmospheric deposition of P is oft en considered insignifi cant compared with N deposition, 
recent studies suggest that atmospheric deposition may be an important source of P to groundwater, particularly 
near areas with considerable land disturbances such as agricultural activities (Anderson and Downing, 2006).

Non-agricultural fertilizers.  Fertilizer use in gardens, lawns, domestic horticulture, parks and golf courses 
contributes nutrients to groundwater. Th e total quantity of urban fertilizer use is small compared with agricultural 
areas, but studies have shown that more nutrients leach to groundwater from fertilizer use on a per area basis in 
urban areas than in agricultural areas (Balderacchi et al., 2013; Wakida and Lerner, 2005).  Increasingly, shoreline 
residents along the Great Lakes replace native vegetation (e.g., beach grasses) with turf grass (Crowe and Meek, 
2009), potentially increasing fertilizer use and nutrient loading to the lakes. 

4.5 Discharge of Nutrients from Groundwater to Surface Waters

Nutrient loading to surface water from groundwater is aff ected by water percolation through the unsaturated zone, 
groundwater fl owpaths and nutrient biogeochemistry (i.e. from recharge to discharge). Groundwater fl ows into 
the Great Lakes either directly, near the shoreline or lake bottoms, or indirectly, into tributaries that then discharge 
into the lakes (see Section 2.3). Th e amount of groundwater fl owing in shallow glacial deposits in the Great Lakes 
Basin is generally much larger than that fl owing in deeper regional bedrock aquifers (Reilly et al., 2008). Th e 
shallow glacial deposits are also more vulnerable to contamination from anthropogenic activities and associated 
with shorter transport pathways and residences times for nutrients in the aquifer.  Regional aquifers recharge and 
discharge over larger areas and have longer fl owpaths, thereby providing more time for geochemical reactions to 
take place. As with local aquifers, regional aquifers can also be aff ected by land use and may have legacy nutrient 
storage. Th e balance of the quality and quantity of the local and regional aquifers is an important component of 
Great Lakes water quality. 

4.5.1 Indirect Groundwater Discharge
Groundwater discharge to tributaries can have benefi cial or adverse eff ects on water quality in tributaries.  While 
inputs of high quality groundwater can dilute poor quality surface water, in some cases poor quality groundwater 
can deteriorate surface water quality and thus aquatic ecosystems (Domagalski and Johnson, 2012; Puckett and 
Hughes, 2005; Sandford and Pope, 2013). Tributary water quality is especially aff ected by groundwater inputs 
during low fl ow periods when base-fl ow is sustained mainly through groundwater discharge (Environment Can-
ada (EC) and U.S. EPA, 2009; Stamm et al., 2013). 

Th e contribution of groundwater nutrient loading to water quality in the tributaries of the Great Lakes Basin is 
not well understood. Due to its high mobility in groundwater, a signifi cant portion of NO3

- in tributaries may 
be derived from groundwater, particularly in areas where NO3

- is elevated in shallow aquifers (e.g., Dubrovsky 
et al., 2010; Pärna et al., 2012; Ranalli and Macalady, 2010). For instance, in the Chesapeake Bay watershed it is 
estimated that groundwater contributes 48% of the total annual N load to streams (Bachman et al., 1998).  
P loading from groundwater may also be signifi cant, particularly in settings with coarse-grained soils and shallow 
confi ning layers, soils that are artifi cially drained, or where there is preferential fl ow through fractures and mac-
ropores (Domagalski and Johnson, 2011; Domagalski and Johnson, 2012; Holman et al., 2008; Roy and Bickerton, 
2014). Th ere is increasing recognition that the ecological health of a freshwater tributary may be controlled by 
continuous P inputs, such as groundwater discharge, that dominate during periods when the biological demand 
is greatest, (e.g., low fl ow periods during summer) (Holman et al., 2008; Stamm et al., 2013). Th erefore, although 
event-based P loading (i.e. surface runoff ) may dominate annual loads in some watersheds, continuous loading 
of groundwater P may be more important for overall tributary health (Holman et al., 2008; Stamm et al., 2013).  
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Evaluating groundwater nutrient loading to tributaries is extremely challenging. Firstly, indirect groundwater 
discharge is diffi  cult to quantify due to high temporal and spatial variability. Furthermore, the discharge of nutri-
ents is controlled not only by the groundwater discharge rates, but also by the specifi c nutrient sources (Section 
4.3), and the complex biogeochemical reactions and hydrological processes occurring during nutrient transport. 
Additionally, nutrient loading from groundwater is oft en highly regulated by intense biogeochemical and/or hy-
drological activity occurring in localized areas (hot spots) or periods in time (hot moments) in landscapes such as 
riparian and hyporheic zones (McClain et al., 2003; Vidon et al., 2010). 

Riparian zones.  Riparian zones are at the interface between the land and tributary where groundwater interacts 
intensively with vegetation and soil (Figure 4.2). Th ese zones are biogeochemical hotspots that are important for 
the retention, attenuation and production of nutrients, and oft en act as buff ers by removing nutrients in ground-
water prior to their discharge to surface waters (Mayer et al., 2005; Vidon et al., 2010). Reviews are available that 
detail the importance of riparian zones in regulating groundwater nutrient loading to surface waters, including the 
use of riparian zones as nutrient management tools (Gold et al., 2001; Mayer et al., 2005; Ranalli and Macalady, 
2010; Vidon et al., 2010).

Nitrate is oft en attenuated in riparian zones by denitrifi cation, and uptake by vegetation and microorganisms 
(Ranalli and Macalady, 2010). Th e extent of attenuation is complex and depends on the geomorphology, subsur-
face hydrology (soil saturation, groundwater paths, hydrogeological heterogeneities), subsurface biogeochemistry 
(redox conditions), temperature, and human alterations (e.g., drainage networks) (Ranalli and Macalady, 2010; 
Vidon et al., 2010; Vidon and Hill, 2004). A study by Hill (1996) that examined twenty riparian zones in Ontario 
found NO3- removal from groundwater prior to discharge to adjacent surface waters ranged from 65 - 100%.  

Loading of groundwater P to tributaries may also be aff ected by riparian zones whereby P can be attenuated by 
sediment retention processes (e.g., adsorption, precipitation) and biotic uptake (Hoff mann et al., 2009). Th ese 
attenuation processes generally only lead to temporary P storage; stored P can later be released and exported to 
streams under diff erent hydrological or geochemical conditions (Carlyle and Hill, 2001; Hoff mann et al., 2009; 
Roy and Bickerton, 2014). In a study of groundwater P fl uxes through a riparian zone in an agricultural area in 
southern Ontario, Carlyle and Hill (2001) demonstrated that at any given time, both external P inputs and internal 
P stores contribute to P loading to streams via groundwater. 

Hyporheic zones.  Th e hyporheic zone (see Figure 2.4) also regulates nutrient fl uxes in watersheds (Ranalli and 
Macalady, 2010). Reactions occurring in this zone can signifi cantly modify the chemistry of discharging ground-
water and recirculating surface water (Gu et al., 2008). Signifi cant research has focused on evaluating reactions 
occurring in the hyporheic zone that can both produce (via organic matter mineralization and nitrifi cation) and 
consume (via denitrifi cation) N derived from surface waters and groundwater (Briggs et al., 2014; Kasahara and 
Hill, 2007; Vidon et al., 2010). Hyporheic zones can also regulate P by providing temporary storage of P during 
base-fl ow conditions (Th ompson and McFarland, 2010). Similar to riparian zones, the functioning of hyporhe-
ic zones is extremely complex and strongly infl uenced by spatial heterogeneities, hyporheic fl owpath residence 
times, and hydrological events such as streambank fl ooding (Gu et al., 2008; Harvey et al., 2013).  

4.5.2 Direct Groundwater Discharge
Direct discharge of groundwater to the Great Lakes can occur either near the shore with discharge from permeable 
aquifers (Crowe and Meek, 2009; Grannemann et al., 2000) or at discrete off shore points (e.g., sinkholes, Ruberg 
et al., 2005). Although direct groundwater discharge is only estimated to be a small component in the Great Lakes 
water balances (see Section 2.3), it may play a disproportionately important role in delivering nutrients to the lakes 
(CCA, 2009; Grannemann et al., 2000). In particular, nutrient loading via direct groundwater discharge may be 
considerable where shallow aquifers in shoreline areas have high nutrient concentrations (Johannes, 1980). 
No conceptual frameworks are available that can be applied as screening tools to evaluate the potential for direct 
groundwater discharge along a shoreline, and moreover to evaluate if groundwater may be an important pathway 
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Figure  4.2. Example of  the relative position of  a riparian zone in the landscape.

in delivering nutrients to nearshore waters. In some jurisdictions it is acknowledged that nutrient concentrations 
(particularly NO3

-) are elevated in shallow aquifers, however it is unclear if there is a link between groundwa-
ter nutrient pollution and deteriorating nearshore water quality. Howard and Livingstone (2000) illustrated via 
computer modeling that sources including landfi lls, septic systems and fertilizers may deliver high quantities of 
nutrients into Lake Ontario over a long time period (>100 years). 

Similar to hyporheic and riparian zones, a zone of high biogeochemical reactivity may exist near a groundwa-
ter-lake interface that ultimately regulates the fl ux and speciation of groundwater nutrients discharging to the 
lake (Charette and Sholkovitz, 2006; Robinson et al., 2007).  While the factors controlling groundwater fl ows, and 
nutrient transformation have been relatively well studied near the groundwater/surface water interface in oceans 
(Anwar et al., 2014; Kroeger and Charette, 2008) and tributary settings (Briggs et al., 2014; Harvey et al., 2013), 
little is known regarding the reaction zone that exists at the interface of large inland waters, such as the Great Lakes 
(Crowe and Meek, 2009; Haack et al., 2005; Lee et al., 2014). 

4.6 Knowledge Gaps and Research Needs

Although increasing amounts of evidence demonstrate that groundwater is signifi cant for the water quality and 
health of the Great Lakes and its tributaries, the eff ects of groundwater on nutrient enrichment of surface waters 
remains unclear. As a result, the groundwater contribution is poorly managed and oft en ignored. Priority needs 
to be given to generating the fundamental science required to understand groundwater as a source of nutrients 
to surface waters in the Great Lakes Basin and generating science-based tools that can be applied by program 
managers and policy makers. Major knowledge gaps and priorities are outlined below.

i) Linkage between land-use, land management and groundwater nutrient loading 
While numerous reports and scientifi c studies indicate the linkage between land-use practices and groundwater 
nutrient pollution, the role of these activities in delivering nutrients to surface water via the groundwater pathway 
is oft en not well understood. Th e transport and transformation of nutrients in groundwater, particularly close 
to the groundwater-lake interface, are extremely complex and nutrients may be attenuated or produced in the 
subsurface close to the point of discharge (e.g., riparian and hyporheic zones).  Furthermore, the delivery of 
nutrients to surface waters via the groundwater pathway is highly time-dependent due to slow groundwater travel 
times and retardation of nutrients, particularly P, by sediment interactions (Ray et al., 2012; Sanford and Pope, 
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2014). Th is time lag between when land-use changes or nutrient management strategies are implemented and 
when changes are expected in the surface water quality needs to be considered when evaluating the impact of 
these scenarios on water quality. Th is lag eff ect, including the long-term eff ects of “legacy” nutrient accumulation 
in landscapes, is not well understood, although it needs to be incorporated into management decisions and water 
quality assessments. 

Th e potential eff ect that the various nutrient sources may have on groundwater quality needs to be prioritized so 
that research eff ort can focus on investigating sources that are either associated with the highest level of uncer-
tainty and/or may contribute signifi cantly to nutrient loading to the surface waters. Research eff ort also needs to 
be devoted to evaluating the eff ectiveness of nutrient best management practices in diff erent landscapes through-
out the Great Lakes Basin for reducing nutrient exports to surface waters. Stakeholder investment in managing 
groundwater resources in agricultural and urban settings where nutrients are a major issue is imperative.    
 
Local stakeholders (landowners, local jurisdictions) oft en do not have the tools and practical knowledge to 
eff ectively reduce groundwater nutrient loading to nearshore waters and tributaries. Priority needs to be given not 
only to generating the fundamental science required to better understand groundwater nutrient sources, trans-
port pathways and loading to surface waters but also to ensuring that the science generated is relevant and can be 
applied by program managers and policy makers.    

ii) Role of hot phenomena in regulating groundwater nutrient fl uxes to surface waters
Th e importance of biogeochemical and hydrological hot spots and hot moments in regulating nutrient loading 
from groundwater to surface water in tributary settings is now well recognized (e.g., Vidon et al., 2010). Th is pres-
ents a new set of challenges in that new measurement techniques are needed that are capable of capturing the asso-
ciated high temporal and spatial variability. Temporal, trending and seasonal groundwater quality data collection 
is rare and therefore the seasonality of groundwater recharge and discharge is not well understood.

While studies of hot phenomena (spots, moments) associated with groundwater-riverine (hyporheic zone, riparian 
zones) and also groundwater-ocean (subterranean estuary) interactions are active areas of research, there is little 
understanding of how these phenomena regulate the fl ux of groundwater nutrients directly into the Great Lakes. 
Th is knowledge gap needs to be addressed to improve prediction of nutrient loading to nearshore waters along 
diff erent types of shoreline so that the contribution of direct groundwater discharge can be eff ectively managed.  

iii) Upscaling local scientifi c understanding to regional scale assessment 
Although numerous small-scale studies have been conducted in the Great Lakes Basin that provide valuable 
understanding of nutrient groundwater inputs, upscaling site specifi c fi ndings for application at stream-reach, 
watershed and basin scales represents a major challenge. Th ere is an urgent need to develop the techniques for 
upscaling detailed scientifi c knowledge so that the relative contribution of groundwater to nutrient loading to 
surface waters can be evaluated at larger scales.  Identifying the landscape controls on groundwater nutrient fl ux-
es in representative physiographic and climate settings and developing a system of classifying landscapes in the 
Great Lakes Basin may be a fi rst step in developing tools to identify watersheds where groundwater nutrient fl uxes 
impact surface water quality. Identifying priority watersheds in the basin will also enable resources and research 
eff orts to be allocated to areas where groundwater is likely to have the greatest ecological impact on surface waters. 

iv) Availability and systematic assessment of groundwater quality data 
Although regional scale groundwater quality monitoring networks have been established in the U.S. and Ontario, 
there is a large abundance of groundwater quality data collected locally that is not widely available or easily ac-
cessible. Monitoring well data collected by local jurisdictions may provide important insights into the occurrence 
and distribution of nutrients in aquifers in the Great Lakes Basin, and linkages with land use activities (EC and 
U.S. EPA, 2009; IJC, 2011).  However, existing monitoring networks were generally not designed to address nutri-
ent issues specifi cally, oft en sampling groundwater from deeper aquifers rather than the more vulnerable shallow 
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aquifers.  Th erefore existing monitoring networks may need to be augmented to assess temporal and longer term 
trends of nutrients in groundwater. 

In addition to compiling new and historical groundwater quality data so it is available and accessible, there is a need 
for regular systematic assessment of nutrient groundwater quality trends in the Great Lakes Basin (both U.S. and 
Ontario). A summary that provides a comprehensive picture of chemical pollutants, including nutrients, across 
the basin, and evaluates data with regards to the hydrogeological conditions and land-use practices, is required. 

While a concerted eff ort goes into geological and hydrogeological mapping in both the U.S. and Canada by federal, 
state and provincial governments, mapping data, particularly at the stream-reach or watershed scale is oft en not 
widely available and accessible.  Co-ordinated mapping eff orts are needed to help determine the local and regional 
impacts of groundwater fl ow on surface water bodies, including identifying groundwater recharge and discharge 
areas, the extent of off shore aquifers and associated discharge zones, and the delineation of riparian zones. Map-
ping of shallow unconfi ned aquifers is the most urgent for nutrient management eff orts as these aquifers are the 
most susceptible to nutrient pollution, and generally interact most intensively with surface waters. 

Table 4.1 Priority science needs related to groundwater and nutrients.
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5.1 Introduction 

Th is chapter discusses the mechanisms by which groundwater infl uxes shape nearshore, tributary and wetland 
ecosystems in the Great Lakes Basin. It complements Chapter 2, 3 and 4, which focus on groundwater and sur-
face water hydrology, contaminant and nutrient dynamics. Understanding groundwater-habitat interactions will 
contribute directly towards meeting commitments that are specifi ed in Annex 2 and 7 of the GLWQA. Annex 2 
outlines commitments to develop an integrated Nearshore Framework to be implemented collaboratively through 
the lakewide management process for each Great Lake. Activities under Annex 7 of the Protocol makes specifi c 
revisions to contribute to the achievement of the general and specifi c objectives of are intended to help conserve-
ing, protecting, maintaining, restoreing and enhanceing the resilience of native species and their habitat, and to 
supporting essential ecosystem services. 

Groundwater infl uences the water budgets and availability of suitable habitat for organisms within the Great Lakes, 
coastal wetlands, and the inland lakes, streams and wetlands within the Great Lakes Basin.  It is recognized as an 
important factor maintaining ecosystem function in many streams and wetlands (Grannemann et al. 2000; Fig. 
5.1). Groundwater fl uxes into and out of aquatic ecosystems can shape the hydrological, thermal and chemical 
characteristics of those systems and consequently, the quantity, quality and types of habitats available to biota. 

Figure 5.1. Schematic of  groundwater flow through wetland stream and lake ecosystems. 
Modified from Li (2015). 
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In the Great Lakes region, groundwater is, in essence, a large, subsurface reservoir (~4,920 km3 in volume; Great 
Lakes Science Advisory Board to the IJC, 2010) from which water slowly discharges to surface environments 
(aquatic and terrestrial) (Chapter 2). Th e quantity and timing of these releases aff ect the hydrology of tributaries 
and wetlands, and to a lesser extent, the Great Lakes, by supplying a reliable minimum infl ow between precipita-
tion and snow melt events (Grannemann et al. 2000; Winter 2007). 

Temperature is one of the most important drivers in temperate aquatic ecosystems. Species are physiologically 
adapted to thermal niches, and the availability of suitable thermal habitat infl uences their growth, survival, timing 
of reproductive events and distribution (Caissie, 2006). Groundwater temperatures within 100 m of the surface 
are typically 1 - 2°C greater than the mean annual air temperature (Freeze and Cherry, 1979). Groundwater tem-
peratures typically range from 5°C to 13°C in the Great Lakes Basin (unpublished data: United States Geological 
Survey, Ontario Ministry of the Environment and Climate Change). Surface water temperature varies more sea-
sonally and diurnally than groundwater temperature, therefore, infl uxes of groundwater can attenuate diurnal and 
seasonal changes in surface water temperature, leading to cooler temperatures in summer and warmer tempera-
tures in winter. 

Th e chemical composition of groundwater aff ects water quality in aquatic habitats, and can be infl uenced by both 
the surrounding geology, the length of time the water has spent in the ground and human activities in the water-
shed e.g., point-source pollution (Winter et al. 1998) (Chapters 2-4).  Most of the direct groundwater discharges 
to the Great Lakes originate from local fl ow (shallow) systems, oft en in sand and gravel aquifers (Grannemann et 
al., 2000; Kornelsen and Coulibay, 2014; Chapter 2). Th is type of groundwater oft en has a chemical composition 
similar to that of lake water whereas groundwater from regional aquifers (deeper and longer fl owpaths) bears 
very little resemblance to the chemical composition of lake or surface water. Discharges from these aquifers could 
create sharp chemical gradients in pore water near the lakebeds (Haack et al. 2005) and at point discharges, as has 
been documented for a sinkhole in Lake Huron (Biddanda et al. 2006).

5.2 Infl uence of Groundwater in Great Lakes Habitats

Groundwater provides a link between the Great Lakes and their watershed and therefore has signifi cant infl uence 
on aquatic habitats in the Great Lakes region. Here we address aquatic habitat in Great Lakes nearshore areas, 
tributaries to the Great Lakes, and Great Lakes Basin wetlands. Groundwater aff ects aquatic habitat in these areas 
by infl uencing their hydrological, thermal, and chemical characteristics (Table 5.1).

5.2.1 Nearshore Areas
Nearshore areas of the Great Lakes provide essential habitat for biota and link the terrestrial watershed and open 
water. Th ey are the focal areas for water quantity, water quality and natural resource issues in the Great Lakes be-
cause they are the regions of lakes that are most aff ected by human stressors such as polluted runoff , regulated wa-
ter-level fl uctuations and shoreline hardening (Haack et al. 2005; IJC 2009). Groundwater infl uxes into nearshore 
areas impact their hydrology, water temperature, clarity and chemistry, and thus the availability of suitable habitat 
for resident species (Haack et al. 2005). 

In general, direct groundwater discharge to the Great Lakes is highest in nearshore areas and decays off shore (Kor-
nelsen and Coulibaly 2014). Heterogeneities in discharge are formed by diff erences in hydraulic gradients and the 
hydraulic properties of nearshore rocks, unconsolidated materials and/or lake bottom materials. Lake bottoms 
and shores with glacial till, sandy or silty-sand materials tend to have higher groundwater discharge rates than 
clay and silt materials (Grannemann and Weaver 1998; Neff  et al. 2005). Shoreline confi guration, onshore heads 
and topography, and lake bathymetry also infl uence groundwater discharge (Grannemann and Weaver 1998). Th e 
spatial and temporal variability in groundwater discharge created by these factors and other coastal hydrological 
processes - water-level fl uctuations (storm surges, seiches, seasonal water level changes), long shore and off shore 
currents and run-off  (Haack et al. 2005) infl uence the quantity, quality and types of habitats available to biota.
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5.2.1.1 Hydrological characteristics.  As indicated above, most groundwater discharge enters the lakes through 
tributaries, with only a small portion entering the lakes directly. For example, it is estimated that groundwater 
discharge to streams entering Lake Michigan is about 906 m3/s versus direct groundwater discharge of about 
76.5 m3/s (Grannemann et al. 2000). While direct groundwater inputs may be more stable temporally than other 
more weather-dependent components of the Great Lakes’ water budgets, their volume is small, relative to some of 
the other hydrological fl uxes (i.e. tributary inputs, evaporation). It is expected that the stabilizing eff ect of direct 
groundwater discharge on Great Lakes’ water levels is proportional to the discharge volume and therefore, also 
relatively small.

5.2.1.2 Th ermal characteristics. Direct groundwater inputs to nearshore areas have the potential to aff ect near-
shore thermal habitat. Th e infl uence of thermal regimes (of which groundwater temperature is a component) 
on habitat, species distributions, growth and community composition have been well-documented for diff erent 
taxa: macrophytes (Rosenberry et al. 2000), zooplankton (Th omasen et al. 2013), ichthyoplankton (McKenna et 
al. 2008), and fi shes (Stewart and Bowlby 2009). As noted above, groundwater temperatures in the Great Lakes 
Basin generally range from 5°C to 13°C, which is typically cooler than nearshore water temperatures in summer 
and warmer than nearshore water temperatures in winter. However, the infl uence of groundwater on the overall 
thermal regimes of the Great Lakes is limited because of the dominance of heat exchange at the air:water interface 
and the thermal inertia of the large volume of lake water. Th e thermal eff ect of groundwater is likely to be greatest 
within the substrate and at the groundwater:surface water interface. Benthic biota are most likely to be aff ected 
by thermal heterogeneity within the Great Lakes substrates but, to the best of our knowledge, there has been no 
research in this area. Brook Trout (Salvelinus fontinalis) is the only Great Lakes fi sh species that is thought to 
spawn exclusively in areas of groundwater discharge (Snucins et al. 1992: Curry and Noakes 1995; Blanchfi eld 
and Ridgway 1997; Guillemette et al. 2011, Van Grinsven et al. 2012). It has been suggested that this behavior may 
increase survival of the embryos of this fall-spawning species, particularly when cold winters can, in the absence 
of groundwater, cause redds to freeze and embryos to perish (Curry and Noakes 1995; Blanchfi eld and Ridgway 
1997; Guillemette et al. 2011). Within the Great Lakes proper, Brook Trout now occur only in a few areas of Lake 
Superior (Huckins et al. 2008). Most of the Lake Superior populations are adfl uvial (Van Grinsven et al. 2012; 
Mucha and Mackereth 2008; D’Amelio et al. 2008) but presumptive spawning areas have been documented in Isle 
Royal embayments (Gorman et al. 2008) and there are reliable anecdotal reports of Brook Trout spawning at a few 
locations on the Canadian side of Lake Superior (R. Swainson, OMNR biologist, Nipigon, Ontario; pers. comm. 
with C. Portt). 

5.2.1.3 Chemical characteristics.  Chemical characteristics of groundwater inputs to nearshore waters are related 
to characteristics of the water-bearing sediments and rocks, the length of time water is in contact with them and 
any human activities in the area that may introduce contaminants (see Chapter 3). Th e most common bedrock 
aquifers in the region are carbonate rocks such as limestone and dolomite (Fig. 2.2; Chapter 2).  Carbonate min-
erals are also common in the sediments (glacial deposits, lake and stream sediments) that overlie bedrock and 
can have a strong infl uence the chemical characteristics of the groundwater, particularly the concentrations of 
dissolved inorganic carbon, calcium and magnesium. Silicate minerals are also abundant in the subsurface and 
they exert a strong infl uence on groundwater chemistry when it reacts with the sediments and rocks through 
which it fl ows.  Less abundant are a wide range of other minerals such as metal sulfi des and gypsum. Weathering of 
these minerals contributes a range of solutes to groundwater including silica, sulfate, sodium, potassium, calcium, 
magnesium and various metals (see Chapter 2 and 3). Due to the interaction of groundwater with sediments and 
rocks, it is oft en depleted in dissolved oxygen relative to surface water, which can make condition uninhabitable 
for some biota at discharge sites. Th e chemical infl uence of groundwater on nearshore waters is likely strongest in 
the substrate and at the groundwater-nearshore water interface.

5.2.2 Tributaries
Tributaries are streams and rivers that supply water to the Great Lakes. Tributaries provide a connection between 
watersheds and the lakes by transporting surface water and groundwater to the lakes. In this process they also 
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transport nutrients and pollutants and provide habitat for thousands of riparian and riverine fl ora and fauna. 
Tributaries are the principal spawning and nursery habitats for one-third of the fi shes in the Great Lakes (Lane et 
al. 1996). 

Tributaries supply signifi cant amounts of water to the Great Lakes: 41% of water inputs for Lake Superior, 46% 
for Lakes Michigan and Huron, 47% for Lake Erie and 67% for Lake Ontario (Great Lakes Commission, 2003). It 
is estimated that 40–75% of this water is derived from groundwater infl ow to the tributaries. Th erefore, the total 
groundwater discharge entering the Great Lakes through tributaries is estimated to be 20–40% of the total infl ow 
to the Great Lakes (Kornelsen and Coulibaly 2014). Discharge of direct groundwater into tributaries is spatially 
variable due to spatial variability in surfi cial and bedrock geology, which infl uence the rates at which precipitation 
infi ltrates and is conveyed and storage capacity. Climate infl uences the amount of precipitation that is available 
for infi ltration. At a given location, temporal variability in groundwater discharge is primarily due to variability in 
weather /climate.

5.2.2.1 Hydrological characteristics. Groundwater discharge and surface runoff  (from adjacent riparian and 
upland areas in the catchment) combine to form streamfl ow that supplies water to the lakes. In this simplifi ed 
description, surface runoff  is a short-term component of streamfl ow resulting from precipitation or snowmelt 
events whereas groundwater discharge is a more stable component. Groundwater discharge aff ects the hydrology 
and physical structure, biogeochemistry, water quality and ecology of tributaries (Jones and Mulholland, 2000). 
Spring-fed headwaters are characterized by hydrological and thermal stability that can persist during drought 
conditions (Stubbington and Wood, 2013). 

5.2.2.2 Th ermal characteristics. Th e infl uence of direct groundwater discharge on stream temperature, and thus 
on stream communities is widely recognized (Ricker, 1934; Chu et al., 2010; Stewart et al., 2015). Groundwater 
directly discharging into streams can moderate both summer and winter temperatures at the discharge site and 
downstream. Th e magnitude of the thermal eff ect is roughly proportional to the relative volumes of surface and 
groundwater. Once groundwater enters a stream it becomes subject to the heat fl uxes that aff ect stream tempera-
ture, the largest of which occur at the air:water interface. Where groundwater mixes with surface water prior to 
reaching the stream, for example as a consequence of hyporheic exchange, the eff ect on stream temperature may 
be diminished. In winter, groundwater seeps provide overwintering habitat free of subsurface ice, and mobile 
species actively seek and inhabit them (Power et al. 1999). In summer, direct groundwater discharge cools stream 
temperatures, and provides refuges for species exposed to temperatures approaching their thermal limits during 
hot weather (Power et al. 1999; Stubbington and Wood 2013). Sites with higher groundwater discharge may also 
support higher stream benthic invertebrate abundance, taxonomic richness and periphyton respiration (Hunt et 
al. 2006). 

5.2.2.3 Chemical characteristics. Chemical characteristics of groundwater inputs to tributaries like those of 
groundwater inputs to Great Lakes nearshore areas, are related to characteristics of the water-bearing sediments 
and rocks and the length of time water is in contact with sediments and rocks (i.e., the residence time of ground-
water, before it discharges to streams). Inputs from specifi c groundwater fl ow systems to individual streams may 
have a strong infl uence on their chemical characteristics, particularly when groundwater constitutes a large pro-
portion of the water (up to 100% at some times in some locations). In contrast, the chemistry of water in the Great 
Lakes, which has a much longer residence time, is strongly aff ected by mixing processes and a signifi cant portion 
of the water in the lakes is derived from direct precipitation. Th is greater infl uence of groundwater on the chemical 
characteristics of tributaries may in turn infl uence the aquatic fl ora and fauna present in tributaries.

5.2.3 Wetlands
Wetlands are among the most ecologically diverse and biologically productive systems in the Great Lakes region. 
Coastal wetlands act as a transitional zone between watersheds and the lakes, and they play an important role 
in mitigating and fi ltering human impacts on water resources (Grannemann et al. 2000). Wetlands in the Great 
Lakes improve water quality by fi ltering pollutants and sediment, storing and cycling nutrients and organic mate-
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rial from land into the aquatic food web, reducing fl ooding and erosion, and providing specialized spawning and 
nursery habitat for many Great Lakes species (Michigan Sea Grant, 2014). 

Of the four commonly recognized types of wetlands (bog, fen, swamp and marsh) groundwater discharge is recog-
nized as an important functional attribute of fens and some types of swamps (OMNR 2013, 2014). Direct ground-
water contribution to Great Lakes wetlands is dependent upon the underlying geology, adjacent physiography and 
may be infl uenced by lake levels (Keough et al. 1999). Kraus and White (2009) identifi ed rich coastal fen as the 
principal groundwater-dependent Great Lakes coastal wetland, noting that the surrounding uplands are typically 
dominated by northern white cedar (Th uja occidentalis), which is the dominant species in groundwater-infl u-
enced rich conifer swamps (Racey et al, 1996; Fig. 5.2). In rich coastal fens, groundwater provides a stable infl ux of 
water and nutrients, and may buff er the infl uence of lake level fl uctuations on resident communities (Mortsch et 
al. 2006). Fens occurring in Lake Huron and Georgian Bay have been identifi ed as having imperiled communities, 
and have over 40 species of provincially signifi cant plants (Ontario Natural Heritage Information Centre 1995; 
Wilcox 1995). Coastal fens along the shoreline of Lake Michigan harbour 25 species of federally listed rare plants 
and animals (Cohen et al. 2010). 

5.2.3.1 Hydrological characteristics. As indicated above, groundwater inputs are essential for fens and some 
types of swamps. Mortsch et al. (2008) suggested that the stability of two of the three Lake Huron coastal fens 
studied despite fl uctuating lake levels was attributable to groundwater inputs. 

5.2.3.2 Th ermal characteristics. Th ere are few studies examining the infl uence of groundwater on the thermal 
dynamics, and subsequently thermal habitat, of Great Lakes coastal fens and swamps. However, water temperature 
in wetlands, which is in partly determined by groundwater, mediates the biogeochemical processes governing 
nutrient cycling, microbial activity, and growth and reproductive activities of wetland biota. In a study of bogs, 
fens and swamps in the Hiawatha Upper Peninsula Forest of Michigan, Kudray and Gale (1997) found groundwa-
ter temperature diff ered among the three wetland types. Groundwater temperatures were the coldest in swamps, 
intermediate in bogs and warmest in fens. Th ey attributed this pattern to the depth of the water table in each 
wetland type with fens having the shallowest and therefore warmest groundwater temperatures. 

Figure 5.2. Groundwater seepage area in groundwater-influenced rich conifer swamp; orange line 
delineates seepage area and blue line highlights the stream. (Photo credit: C. Portt).
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5.2.3.3 Chemical characteristics. Groundwater can have a signifi cant infl uence on the chemical characteristics of 
wetlands because of the dissolved minerals and nutrients carried by groundwater. Kudray and Gale (1997) found 
that pH, calcium concentration and manganese concentration diff ered among the three wetland types in a study 
of bogs, fens and swamps in the Hiawatha Upper Peninsula Forest of Michigan. 

5.3. Science Needs

Science needs were identifi ed to build upon the existing knowledge described in this chapter with a focus on 
approaches that could directly contribute to improved understanding of groundwater on aquatic ecosystems and 
groundwater management.

i) Map groundwater recharge and discharge. 
Basic spatial information on groundwater movement has not been developed in many areas of the Great 
Lakes Basin, but is critical for understanding its eff ects on habitat. Where the appropriate data are avail-
able (geology, soils, topography, well logs), groundwater models such as MODFLOW can be used to sim-
ulate groundwater movement, including its discharge into habitats on the land surface. When develop-
ing these models, it is critical to select spatial and temporal resolutions that are relevant for the ecosystems 
in question. For example, if a model is to be used to simulate the hydrology of small, ephemeral wetlands, it 
will need a high spatial and temporal resolution. Groundwater monitoring can play a role in constructing and 
calibrating a model. Th e outputs of groundwater models can be used to target fi eld habitat assessments and model 
the relationships between hydrology and ecosystem attributes.

ii)  Integrate groundwater models with other ecosystem models, such as nearshore hydrodynamic, tributary 
and wetland thermal and hydrological models. 
Between the discharge of groundwater and its eff ect on an ecosystem, other physical process-
es oft en play a role. For example, the infl uence of groundwater on nearshore habitat is likely to be relat-
ed to bathymetry and circulation patterns. Surface water quality models such as SWAT (Arnold et al. 
2012) could be improved by linking to the outputs of a groundwater model. To the extent that it is practical, 
models that simulate inter-related ecosystem components should be linked.

Table 5.1 Groundwater influences on aquatic habitats.
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iii)  Evaluate the importance of groundwater discharge on species distributions and ecosystem attributes. 
As summarized above, the infl uence of groundwater on species distributions and communities in stream habitats 
is well recognized and many aspects are quite well understood. Th e infl uence of direct groundwater discharge 
to lakes, including the Great Lakes, in this regard has received much less attention. Investigations to assess the 
eff ect of groundwater discharge on species and communities, particularly benthic communities, would benefi t our 
understanding of nearshore ecosystems. 

iv)  Evaluate the importance of spatial patterns in groundwater discharge on ecosystem attributes.  
Th e eff ects of the patchy nature of groundwater discharge on ecosystem patterns and processes are not well studied. 
Th e patchiness of groundwater discharge may play a role in species dispersal, invasive species establishment and 
meta-population structure. For example, a series of spatially discrete groundwater discharges in a stream may pro-
vide thermal refuges for stenothermal organisms, but may not be individually recognized as important.

v)  Identify ecosystems that are vulnerable to changes in groundwater discharge. 
Prioritizing conservation ofgroundwater dependent ecosystems depends on being able to assess their vulnerability 
to environmental change. Vulnerability is a function of exposure (degree of stress), sensitivity (degree of response 
to stress), and adaptive capacity (potential to adjust to stress). For example, an organism living in a groundwa-
ter-fed stream is most vulnerable where feasible environmental changes are likely to reduce groundwater discharge 
to the stream, where the organism is stenothermal, and where it has no opportunities to escape the stress through 
migration to suitable habitat.

Table 5.2. Priority science needs related to aquatic habitats.
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6.1 Introduction

As noted in Chapter 2, urban infrastructure impacts the quantities of groundwater exchange with surface water 
in the Great Lakes Basin.  Furthermore, as discussed in Chapters 3 and 4, urban development in this basin has 
signifi cantly impacted the quality of the groundwater.  All of these impacts of urbanization on groundwater 
indirectly aff ect Great Lakes water quality.  Th is chapter provides a closer look at the impacts of urbanization on 
groundwater in the Great Lakes Basin, and how these impacts may change over time.  

About half the world’s population lives in urban areas and this is expected to increase to 60% by 2030 (Howard, 
2012). Th is trend is largely mirrored in the Great Lakes Basin which hosts some of North America’s most populous 
cities including Chicago, Detroit and Toronto. Groundwater can be an important source of supply for sprawling 
city suburbs (Th eobald, 2005) and smaller, rural towns. However, most large cities of the basin draw most of their 
water from the Great Lakes (Grannemann et al. 2000) meaning that urban groundwater attracts little attention 
until problems arise. Such problems relate either to groundwater quality or groundwater quantity (Foster, 1990) 
and are usually manifest in terms of water quality eff ects on receiving water bodies including sensitive aquatic eco-
systems, or rising groundwater levels that threaten tunnels, engineering structures and electrical utilities (How-
ard, 2007; Pokrajac and Howard, 2011). Polluted urban springs and rising groundwater levels observed in cities 
throughout Europe and parts of North America demonstrate that proactive management of urban groundwater is 
required whether or not it is used for potable supply.

6.1.1 Quantity Issues
Until recently, it was popularly believed that urban development causes a net loss in groundwater recharge 
due to the widespread prevalence of asphalt and concrete that creates an impermeable seal to the land surface. 
Studies confi rm that urbanization depletes direct recharge to groundwater, but there is considerable evidence 
(Custodio, 1997; Lerner, 2002) indicating that urbanization radically alters the entire urban water cycle (Figure 6.1) 
introducing new sources of recharge that may more than off set any losses of direct recharge. Th ese sources include:

• infi ltration from septic systems (in small communities, suburbs, also rural areas);
• leaking sewers;
• leaking pressurized water mains;
• excessive irrigation of domestic and municipal gardens;
• infi ltration of run-off  (naturally as indirect recharge); and
• infi ltration of run-off  (intentionally as a consequence of stormwater management schemes).

Th e contribution of these sources can be diffi  cult to quantify. As indicated by Lerner (1990), all water supply 
networks leak, particularly those that are strongly pressurized. Well-maintained systems may lose only 5-10% 
of supply but older systems can readily lose 20% or more (Table 6.1). Sewer exfi ltration rates are also very diffi  -
cult to estimate (Eiswirth 2002; Hornef, 1985; Seyfried, 1984), with most published work concerned with sewer 
pipes constructed below the water table that receive infi ltration from groundwater (Mills et al., 2014). Although, 
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comparable fl ows might be expected to occur in the reverse direction when sewers are constructed in the unsat-
urated zone, little is known because most studies of sewer pipe exfi ltration have focused on water quality rather 
than quantity. In a study conducted in the UK, leakage from a very old combined storm-sewer system beneath 
Liverpool was found to be comparable in volume to water-main leakage (University of Birmingham, 1984). In a 
German study, Eiswirth (2002) estimated that sewer leakage contributes around 15L /person /day to groundwater 
recharge. As a general rule, cities that import water but export sewage can expect to contribute around 15-25% of 
imported water to recharge (Lerner 1990). 

Figure  6.1. Changes to the water cycle with urbanization (Garcia-Fresca and Sharp, 2005).  
E Indicates evaporation; ET, evapotranspiration; P, precipitation; INT, interception; TF, throughfall; 

I, infiltration; R, recharge; RO, surface runoff; IF, interflow; and BF, base flow.  Nine potential 
changes are noted: (1) increased impervious cover; (2) changes in surface runoff; (3) increased 

indirect recharge; (4) irrigation of  lawns, parks, and gardens; (5) increased infiltration; (6 and 7) leaky 
water, sewer, and storm sewer systems, which may be above the water table, but below the water 

table only leakage would be from pressurized systems; (8) increased recharge; and 
(9) groundwater pumpage.

Th e least understood source of recharge in urban areas is stormwater that infi ltrates via grass swales and storm-
water management ponds. Many cities throughout the Great Lakes Basin use the subsurface as a convenient means 
of solving their stormwater management issues, but do so with little or no consideration of the ability of the 
shallow subsurface to accept this water or what water quality problems may arise. Th is is a serious concern as, over 
time, excess recharge can lead to rising groundwater levels and an upward fl ushing of salts and contaminants that 
had previously accumulated in the shallow unsaturated zone. As experienced in many parts of the world, rising 
groundwater levels can cause fl ooding of streets, cellars, sewers, septic systems, utility ducts, and transport tunnels, 
reduce the bearing capacity of structures, and impact amenity space by water-logging sports fi elds and killing trees 
(Heathcote and Crompton, 1997). 

6.1.2 Quality Issues
Urban areas manufacture, import, store, transport, and utilize large volumes of polluting chemicals, a proportion 
of which inevitably contaminates urban groundwater (Howard, 1997; Squillace et al., 2002; Lerner, 2003; Kaufman 
et al., 2009) (Figure 6.2). Th e pollutant sources can generally be grouped into point sources that emanate from 
a discrete location, and line or distributed sources which have a much broader or “diff use” impact (Table 6.2, cf. 
Chapter 3). In many urban areas, a high density of point and line pollutant sources (e.g., septic systems, leaking 
sewers and salted roads, respectively) eff ectively merge to create a distributed source. Point sources tend to cause 
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severe degradation of groundwater quality near the point of release and can seriously damage receiving streams. 
However, the impact to groundwater is limited to the extent of the contaminant plume that develops. Distributed 
sources oft en represent a more serious problem as they can render the entire groundwater resource unsuitable for 
drinking by increasing contaminant concentrations to levels marginally above drinking water quality standards.

In cities throughout the Great Lakes Basin, urban groundwater is contaminated by the full range of urban-sourced 
pollutants. Ultimately, most of this water will enter the Great Lakes, usually either directly as lakeshore discharge 
or indirectly via drains, streams and tunnels. Many of the contaminants are a legacy of past practices, for example 
tens of thousands of brownfi eld sites within the industrialized port cities of the Great Lakes (Kaufman et al., 2009) 
represent a substantial contaminant load to water.  Also, most closed landfi lls are sited in old quarries and are
 devoid of modern liners and leachate collection systems. Th at said, many current-day “best management practic-
es” (BMPs) have very dubious benefi ts when the quality of urban groundwater is concerned. “Green infrastruc-
tures” use permeable pavement, bioswales, and infi ltration planters to manage rainwater and aid stormwater man-
agement but oft en provide convenient pathways for urban pollutants including road salt, metals, oils and greases 
to be rapidly conveyed to shallow groundwater (Selbig et al., 2010; Chahar et al., 2012).

A chemical audit performed for a representative area of Toronto by Howard and Livingstone (1997) found that 
chemicals associated with road de-icing (primarily halite (NaCl)), leaking underground storage tanks (benzene, 
toluene, ethylbenzene, and xylene (BTEX)) and domestic landfi lls (a broad range of organic and inorganic chemi-
cals) represent the most serious threats to urban groundwater. Concern for NaCl is heightened because of its high 
mobility in water and its potential ecological eff ects on groundwater dependent ecosystems. Dissolved salt can 
also mobilize trace elements such as cadmium, copper, lead and zinc through ion exchange, lowered pH, chloride 
complex formation and possible colloid dispersion (Bäckström et al., 2004). Contrary to popular belief that most 
salt applied to roads and highways in urban areas is fl ushed from the catchment each year via runoff , around 50% 
of salt enters the subsurface (Howard and Haynes, 1993; Perera et al., 2013) and will lead to a gradual long-term
increase in the salinity of groundwater and receiving streams. Currently several Toronto rivers already exhibit chlo-
ride concentrations in base-fl ow above the 250 mg/L level considered chronically toxic for many freshwater species 

Table 6.1. Estimates of  leakage from water utility systems 
(modified after Hibbs and Sharp, 2012; Garcia-Fresca, 2004 and 2006).
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Figure  6.2 Common urban groundwater contaminants (modified after Howard, 1997).

(Jackson and Jobbágy, 2005). Environment Canada and Health Canada (2001) suggests 5% of aquatic species are 
seriously aff ected at chloride concentrations marginally above 200 mg/L (the median lethal concentration), and 
signifi cant changes in the structure of some aquatic communities can occur at concentrations as low as 12 mg/L. 
Although road salt is also considered to be a serious issue in most urban areas of the Great Lakes Basin, septic 
systems are also a cause for concern, particularly in the United States. Septic systems are a key source of nitrate, 
bacteria and viruses, but can also cause elevated potassium, boron, chloride, dissolved organic carbon, and sulfate 
(Katz et al., 2011). In a study of shallow groundwater near Detroit (Th omas, 2000a), impacts on groundwater qual-
ity were found to be mostly associated with septic-system effl  uent (domestic sewage, household solvents, water 
soft ener backwash) and infi ltration of stormwater runoff  from paved surfaces (road salt, fuel residues). Contami-
nated groundwater is believed to be a primary source of high fecal coliform in urban streams including the Rouge 
River in Michigan (Murray et al., 2001). 

In terms of the Great Lakes Basin, the primary challenge is to make reliable predictions of how, and over what time 
frame, contaminants that have accumulated beneath urban areas will be released to the Great Lakes. Although 
much has been learned from a scientifi c standpoint about urban hydrology and the nature and behavior of urban 
groundwater contaminants, many complicating factors will need to be addressed. Th e fi rst of these relates to the 
fact that “urban karst” (i.e. cracks in the impermeable pavement, and permeable zones associated with fi ll material 
and the presence of underground pipe networks, such as drain tiles, utility pipes and stormwater tunnels) together 
with green infrastructure, strongly aff ects urban recharge and is a dominating factor on shallow groundwater/con-
taminant fl ow. Characterizing the “urban karst” and understanding its relationship to the natural hydrogeology is 
a diffi  cult challenge.
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Th e second complicating factor relates to the pumping regime and the following facts:
• High volume pumping (for water supply or dewatering) can lower water levels, induce movement of stored 
 contaminants, and cause groundwater from diff erent parts of urban aquifers to mix (Eberts et al., 2005; 
 Eberts et al., 2013; Warner and Ayotte, 2014). Mixing of groundwater can have the unintended conse-
 quence of changing redox conditions and mobilizing contaminants that had previously precipitated or 
 been adsorbed.
• Pumping can also radically change groundwater fl ow direction, in some cases inducing contaminated 
 groundwater (e.g., wastewater from leaking sewer lines) to enter supply (see Hunt et al., 2010).

Reliable predictions of eff ects to the Great Lakes can be made only if the groundwater fl ow systems underlying 
urban areas are properly evaluated, contaminant sources are fully assessed and quantifi ed, and appropriate mon-
itoring is undertaken. In the interests of protecting the Great Lakes, it is essential that urban groundwaters of the 
Great Lakes Basin are both monitored and managed whether or not they are used for supply.
 
6.2 Urban Groundwater and the Great Lakes Basin
 
6.2.1 Th e Great Lakes Basin within the US
Most large population centers in the Great Lakes Basin lie within the United States (Table 6.3) and about 70% of the 
basin’s US population live in cities.  Th ese include two of the ten most populated cities in the entire country (Chi-
cago and Detroit). Although parts of Chicago lie outside the basin from a surface water perspective, the ground 
and surface water catchments are not coincident meaning that groundwater originating beyond the surface water 
divide may still aff ect Lake Michigan. Th e situation is further complicated by a series of drainage diversions dating 
back to 1848 that have converted 673 square miles of the original Lake Michigan watershed into part of the Illinois 
River-Mississippi River drainage basin (Illinois Department of Natural Resources, 2015). By using the original 
Lake Michigan basin boundary rather than the present “man-made” one which demarks a drainage area only 11 
percent of its former size, the population of the Lake Michigan basin is increased by nearly 3 million persons. 

Table 6.2. Point, line and distributed sources of  contamination in urban areas (from Howard, 2002).

According to Th eobald (2005), the urbanized landscape in the United States has grown from less than 9,000 square 
miles in 1940 to almost 40,000 square miles in 2010. Th is has increased demand for potable water while introduc-
ing contaminant sources that pose a signifi cant threat to potable water quality. All the states bordering the Great 
Lakes have aquifers yielding adequate water supplies, and many rural towns rely exclusively on groundwater for 
potable supply. However, most of the larger cities within the Great Lakes Basin are situated on the shores of the 
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Table 6.3. Population data for the ten largest metropolitan areas in the United States part of  the Great 
Lakes Basin, showing growth from 1990 to 2000 but relative stability since 2000 (U.S. Census, 2003; 

2013).  CMSA, consolidated metropolitan statistical area; MSA, metropolitan statistical area.

Great Lakes and depend mostly on surface water. Detroit, for example, draws virtually all its water from the Detroit 
River, the St. Clair River, Lake St. Clair and Lake Huron with the fate of groundwater in the underlying sediments 
essentially unknown. 

Chicago also relies extensively on water from the Great Lakes (Lake Michigan). During the mid- to late-1900’s 
westward expansion of the Chicago suburbs increased the demand for groundwater causing a lowering of region-
al water levels in the shallow dolomite aquifer (Silurian to Late Ordovician) and Cambrian-Ordovician aquifers 
(Voelker, 1986). In Illinois, groundwater use has little regulation, and water quality is the primary constraint on 
how much water cities pump. Th e drilling of deeper wells raised concerns that deep saline water and/or radium 
would be drawn into shallow aquifers by improperly constructed wells that were already showing evidence of 
degradation by urban pollutants. As a result, suburban communities have increasingly turned to Lake Michigan as 
an alternative source of supply. Th is is diffi  cult, as applications for permits to draw water from Lake Michigan are 
being met with strong resistance from regulators who argue that lake-based resources are fully utilised and that 
available water needs to be managed more effi  ciently. 

A major problem is that urban growth and industrial development throughout the Great Lakes Basin has oc-
curred near lakes and streams such that residence times for polluted groundwater tend to be short (oft en < 1year) 
(Pijanowski et al., 2007). As a result, chemical and biological attenuation processes have little opportunity to im-
prove the quality of groundwater prior to its emergence in rivers and lakes. Th is poses a considerable threat to 
fi sh-spawning grounds and similarly sensitive groundwater dependent ecosystems. One endangered species is the 
Hine’s emerald dragonfl y (Somatochlora hineana) found in Wisconsin, Illinois and Michigan that lives in calcar-
eous, spring-fed marshes and sedge meadows overlying dolomite bedrock (Fish and Wildlife Service, 2006 ). Th e 
greatest threat to the Hine’s emerald dragonfl y is urban and industrial development that either degrades the quality 
of groundwater entering its habitat or destroys its habitat entirely (U.S. Fish and Wildlife Service, 2006).

A complicating issue that tends to be unique to urban areas is aquifer dewatering for construction. In many cases 
the eff ects extend to adjacent surface water bodies such as rivers and lakes. Haack et al. (2005) studied two sites in 
the Lake Erie drainage basin and found that large changes in the groundwater fl ow dynamics had profound eff ects 
on nearshore water temperature, clarity, nutrient and ion chemistry, and thus on habitat quality for fi sh and inver-
tebrates. At one site, dewatering for a quarry was observed to reverse the natural fl ow into Lake Erie (Reeves et al. 
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2004). Nearshore withdrawals of groundwater can also aff ect the extent to which groundwater mixes with surface 
water, thereby aff ecting ambient water chemistry and disturbing aquatic communities. A study of aquatic insects 
by Diggins and Snyder (2003) showed that a reversal of fl ow caused by aquifer pumping caused a decrease in insect 
population. Mills et al., (1994) found that lakeshore sites disturbed by groundwater fl ow reversal may also be more 
vulnerable than undisturbed sites to colonization by invasive species such as zebra mussel. 

Th e US Geological Survey (USGS) has been sampling wells in the Great Lakes Basin since the 1900s. During the 
past 20 years (1994-2014), analyses from 1,426 wells in this basin have been included in the USGS National Water 
Information System (http://waterdata.usgs.gov/nwis/qw), with most sampled wells representing shallow aquifers 
in glacial deposits, which are collectively referred to as the glacial aquifer system. Currently, about 73% of the 
groundwater supply wells within the basin are in the glacial aquifer system. Th is fi nding is important as it suggests 
that most groundwater in the basin can be expected to follow relatively short, shallow fl owpaths that are typical of 
the Glacial Aquifer System (Granneman et al., 2000).  

In a study of the water quality of the glacial aquifer system in the United States contaminants from human activ-
ities were three times less likely to occur at concentrations of potential concern for human health than contami-
nants from natural geologic sources; yet, contaminants from human activities are more common in urban areas 
and oft en at locally acute concentrations (Warner and Ayotte, 2014). Nitrate, chloride, pesticides, and volatile or-
ganic compounds (VOCs) were found to be of greatest concern in urban areas as indicated in the following studies.
 
• In a study of nitrate in the western Lake Erie Basin, Th omas (2000b) found that 37% of monitoring well 
 samples had nitrate concentrations indicative of human eff ects such as fertilizer, manure or septic systems 
 and that 57% of samples contained either a pesticide or an elevated nitrate concentration. In 83% of the 
 monitoring well samples isotopic evidence indicated that the well water had been recharged since 1953, 
 which indicates that the groundwater was well connected hydraulically to the land surface. Fractures or 
 sand-and-gravel stringers within the overlying till were considered the probable pathways. In some areas, 
 deeper parts of the groundwater-fl ow system were also found to be hydraulically connected to the 
 land surface.

• In the glacial aquifer system, about 7% of wells in urban areas had chloride concentrations that 
 exceeded the US Environmental Protection Agency (USEPA) Secondary Maximum Contaminant Level 
 (SMCL) of 250 mg/L (USEPA, 2014) and chronic aquatic life criterion of 230 mg/L (USEPA, 2015), 
 especially during dry periods when groundwater contributes most of streamfl ow (Warner and Ayotte, 
 2014). High chloride concentrations in urban groundwater commonly are associated with a combination 
 of road deicers, salt, water soft eners, sewage, animal waste and potassium chloride fertilizers (Mullaney 
 et al., 2009). Chloride:bromide (Cl:Br) ratios can be used to isolate the resource (Davis et al., 1998; 
 Th omas, 2000a; Jagucki and Darner, 2001; Panno et al., 2006) with samples having Cl:Br ratios greater than 
 1,000 and chloride concentrations greater than 100 mg/L likely being indicative of halite used for deicing 
 or water soft ening in urban groundwater.

• Pesticides were widely detected in shallow aquifers, but concentrations were low (<0.2 μg/L) (Warner and 
 Ayotte, 2014).  Pesticides were detected beneath all land-use settings and in both domestic- and public-
 supply wells. Signifi cantly, public-supply wells near streams showed a greater likelihood of pesticide 
 contamination indicating these wells may capture pesticides through induction of river water. Th e six most 
 common pesticides in the glacial aquifer system were deethylatrazine (DEA), atrazine, metolachlor, 
 simazine, prometon, and bentazon. Prometon was most commonly detected in urban areas. 

• VOCs were detected in more than 20 percent of the glacial aquifer system well samples, but concentrations 
 were less than concentrations of potential concern for human health (Warner and Ayotte, 2014). Th e 
 greatest frequency of detections and highest concentrations were in shallow groundwater underlying 
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 urban areas and in samples of groundwater from public-supply wells. Th e most common VOCs detected 
 were trichloromethane, toluene, carbon disulphide, tetrachloroethene, 1,1,1-trichloroethane, and methyl 
 tert-butyl ether (MTBE).

An over-reaching problem is that most of the contaminated groundwater underlying the more densely urbanized 
areas of the Great Lakes Basin is destined to reach the Great Lakes.  Very little is known about the timing of this 
release, how attenuation of the contaminants in the subsurface will aff ect this release, and the resultant chemical 
loadings that will occur.  Municipalities are certainly aware that contaminated groundwater represents an envi-
ronmental threat as evidenced by a groundwater ordinance passed by Chicago City Council in 1997 that prohibits 
the installation of new potable water supply wells for the purpose of limiting the likelihood that individuals will 
be exposed to potential contaminants by ingesting groundwater (City of Chicago, 1997). Unfortunately, this safety 
measure deals with only one of many potential exposure pathways, and does not help to safeguard the health of 
Lake Michigan which is the ultimate source of water for most of its residents.
 
6.2.2 Th e Great Lakes Basin within Canada
On the Canadian side of the border, the Great Lakes Basin is confi ned to the Province of Ontario. In northern 
Ontario (around Lake Superior, Lake Huron and Georgian Bay) Canadian Shield basement rocks of Precambrian 
age are overlain locally by unconsolidated glacial deposits (e.g., moraines, eskers, glaciofl uvial materials) of vari-
able thickness (Ontario Geological Survey, 2003). Larger urban centres in this setting generally obtain their water 
supply from surface water sources, with smaller communities and private residences relying on individual wells. 
Well yields in Precambrian rocks are largely controlled by pressure-release fracturing together with structural 
discontinuities associated with faulting (Rivera, 2014). In southern Ontario (immediately north of Lake Erie, Lake 
Ontario and the St. Lawrence River) one of two hydrogeological environments tends to dominate. In the west, 
above the Niagara Escarpment and in the east along the St. Lawrence River, a thick Paleozoic sequence supports 
carbonate aquifers capable of supplying high yields of normally good quality water. In central southern Ontario 
(in the vicinity of the Greater Toronto Area (GTA)) and at various locations above the Niagara Escarpment (in-
cluding the Kitchener-Waterloo region) glacial deposits of Quaternary age form complex aquifer systems that 
locally provide excellent yields of high quality water. Typically, these sediments compose layered sequences (till, 
glaciolacustrine and glaciofl uvial deposits) that in some areas exceed 250m in thickness. 

Population trends for Ontario are shown on Figure 6.3 and Table 6.4. As shown by Figure 6.3, virtually all the 
population growth in Ontario since the 1850s has taken place in urban areas, with the heavily urbanised GTA in 
southern Ontario now hosting close to 50% of the Province’s population (Table 6.4). Th e GTA is predicted to grow 
steadily in future years while other Ontario cities are expected to remain stable or even show a population decline 
(e.g., Windsor, Th under Bay (Statistics Canada, 2011). 

Table 6.4. Past, current and projected population in Ontario according to region 
(from Ontario Ministry of  Finance, 2013).
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Figure  6.3.  Population trends for Ontario, Canada (data from Statistics Canada, 2011).

As the GTA grows and urban sprawl continues, major problems related to groundwater quality are expected to 
intensify, given the increasing amounts of urban-sourced pollutants that continue to contaminate the shallow 
Quaternary aquifers. Th e City of Toronto has never been a large user of groundwater, preferring instead to rely on 
adjacent Lake Ontario as a reliable, cost-eff ective source of potable water supply. It was not until the 1980s when 
seriously contaminated groundwater began to emerge in the form of polluted urban springs (Eyles and Howard, 
1988), that awareness for the problem developed. Based on numerical modelling and travel time analysis, Howard 
and Livingstone (2000) found that most of the more mobile contaminants currently underlying Toronto will fi nd 
their way to Lake Ontario via primary “intergranular” fl owpaths within a 100-year timeframe. However, recent 
studies in the eastern suburbs of Toronto by Perera et al., (2013) suggest that locally, groundwater travel times can 
be shortened dramatically by the presence of “urban karst”. Contaminants that are chemically retarded or move via 
deeper fl owpaths may not re-emerge for over 500 years. Most of the contaminated water can be expected to enter 
Lake Ontario via urban streams and rivers as it has been widely observed that direct discharge of groundwater 
to the Great Lakes is comparatively small (Grannemann and Weaver, 1998; Grannemann et al., 2000; Gerber and 
Howard, 2002; Haefeli, 1972; Holtschlag and Nicholas, 1998; Neff  et al., 2005).

Many of the problems experienced in the GTA are symptomatic of a longstanding undervaluing of groundwater 
(Galloway and Pentland, 2005) and the key role groundwater plays in the water cycle.  In Ontario this mindset 
changed rapidly aft er May 2000 when 7 residents of Walkerton, a small town northwest of the GTA, died as a re-
sult of drinking bacterially contaminated drinking water. Th e resulting Commission of Inquiry (CofI) chaired by 
Justice Denis O’Connor raised considerable awareness for the importance of groundwater and delivered sweeping 
recommendations on the measures urgently required to safeguard the Province’s drinking water supplies (O’Con-
nor, 2002). Source water protection (SWP) eff orts that have been developed since the CofI focus on hydrogeologi-
cal mapping, monitoring and analysis of potential risk associated with the various contaminant sources. Th is work 
is managed on a local scale within a SWP Region, but operates under Provincial oversight and funding. Ambient 
groundwater levels and quality are currently monitored at a series of 474 wells through the Provincial Groundwa-
ter Monitoring Network which was initiated immediately following the Walkerton event (http://www.ontario.ca/
data/provincial-groundwater-monitoring-network). Th e current focus of the SWP program is the protection of 
large supply wells.  Th e program does not currently address groundwater that is destined to enter the Great Lakes, 
either by direct discharge or by discharge to streams.



55    

Th e value and importance of good quality monitoring data cannot be overstated. Many large inland urban com-
munities are still reliant on groundwater (e.g., Kitchener, Guelph, Aurora, Newmarket) due to the local presence of 
productive aquifers, the prohibitive cost of pipelines for a lake-based supply, and provincial legislation restricting 
inter-basin water transfers (Holysh and Gerber, 2014). Th ese Such communities frequently encounter several of 
the water quality issues (e.g., Reichert, 1986; Sanderson et al., 1995) documented in the GTA butand some are 
able to respond very quickly to any pending problems due to the availability of good quality monitoring data and 
properly calibrated numerical groundwater fl ow models (e.g., Earthfx Incorporated, 2014) . Th ese types of models 
could be used more widely in the Great Lakes Basin to better refi ne estimates of groundwater discharge and con-
taminant loadings to the Great Lakes.

6.3 Future Prospects 

Th roughout the Great Lakes Basin, groundwater is an important source of supply for sprawling city suburbs and 
smaller, rural towns. However, most large cities of the basin do not rely on aquifers as a primary source of pota-
ble water supply, and groundwater receives little attention until problems arise. Th e most serious issues relate to 
groundwater quality and trigger a concern that shallow groundwater, degraded by a wide range of urban pollutant 
sources will become an increasing threat to sensitive aquatic ecosystems and will slowly degrade existing sources 
of fresh water including the Great Lakes. Th is concern is amplifi ed by the complexity of urban groundwater issues 
and limited available information which can make predictions unreliable. 

On a positive note, much has been learned about the eff ects of urban development on groundwater during the past 
40 years and, in many parts of the world, this knowledge is slowly being incorporated into the urban planning and 
groundwater management process. In particular, excellent progress has been made on:
• Understanding sources of urban recharge and quantifying components of the urban water balance;
• Th e development of novel techniques for augmenting aquifer recharge;
• Pollutant source characterization, mechanisms of contaminant release and the behavior of 
 contaminant plumes;
• Disposal methods for all types of domestic and industrial waste;
• Approaches to monitoring;
• Aquifer vulnerability mapping and methods of groundwater protection; and 
• Identifying opportunities for integrated / conjunctive use of groundwater and surface water sources.

Moreover, major advances have been made in the development of computer model codes, many of which link 
seamlessly with urban database systems for the purposes of:
• Performing urban water budget assessments;
• Providing three-dimensional, transient simulations of the aquifer systems;
• Defi ning well head (source water) protection areas;
• Conducting aquifer susceptibility and vulnerability assessments;
• Predicting groundwater travel times and eventual fate for contaminants in the system;
• Determining “optimal” pumping and water extraction rates and, most importantly;
• Testing and evaluating alternative water management scenarios, and thus supporting pro-active 
 decision-making.

Some of these urban groundwater models (e.g., Wolf et al., 2006; Pokrajac and Howard, 2011) acknowledge the 
importance of the entire urban water cycle and can simulate the interactions that take place among groundwater, 
surface water and the complex network of water services including sewers and pressurized water supply systems. 
To date, such management tools are rarely implemented unless groundwater is used as a resource and therefore 
deemed in need of protection. In many large cities dependent on lake water for supply (e.g., Toronto), groundwater 
is paid scant attention and the fate of contaminants entering the urban subsurface is unknown.
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For proactive management, polluted urban groundwater needs to be recognized as a credible threat to the long-
term health of the Great Lakes Basin. Th is management will require a sound knowledge base including detailed 
audits of all chemicals stored within or released to the subsurface, and reliable data relating to groundwater quality 
and groundwater levels. Such data are oft en lacking in urban areas throughout the basin. Priority science needs are 
discussed below and summarized in Table 6.5. Dependable data and properly calibrated groundwater fl ow models 
are essential for the reliable prediction of groundwater fl ow, contaminant fl uxes, contaminant travel times and the 
time sequence of pollutant loadings on receiving surface water bodies. 

6.4 Priority Science Needs for Improved Understanding of Eff ects of Urban Development 
on Groundwater

i)  Data collection and analysis are required for urban groundwater resource management
Th e misconception that because urban groundwater is rarely used for domestic supply it does not need to be man-
aged or protected has very serious implications for receiving water bodies such as rivers and lakes, and ground-
water dependent ecosystems.  Remarkably, very few data are available on the extent to which groundwater is used 
in urban areas throughout the Great Lakes Basin. Such data are essential recognizing that, although groundwater 
and surface water are inextricably linked, both reservoirs behave very diff erently and demand diff erent, yet com-
plementary, approaches to management.
 
Th ere is an urgent need to make greater use of urban groundwater modelling tools to provide guidance on urban 
groundwater management. Such tools are invaluable for understanding water quantity and water quality changes 
over time and the potential eff ects of changing climate and land use.

ii)  Quantitative information about contaminant sources is needed
Potential sources of groundwater contamination in urban areas are well established but poorly quantifi ed.  Chem-
ical audits documenting the mass of contaminants released to the subsurface in urban areas are needed for all ur-
ban areas. Most of these contaminants ultimately enter the Great Lakes. In the absence of water quality monitoring 
data, such data would allow the potential degradation of groundwater quality to be assessed and long-term con-
taminant mass loadings on the Great Lakes to be estimated.  Notably lacking is reliable quantitative information 
on septic system discharge and leaking sewer pipes. However, substantially better estimates of contaminant release 
are needed for all the contaminant sources listed in Figure 6.2 and of other contaminants such as those indicated 
in Chapter 3.

iii) Monitoring of groundwater quality and risk assessment of potential health risks is needed
Th roughout the Great Lakes Basin the quality of urban groundwater is rarely monitored.  In many cases, evidence 
for groundwater quality degradation is provided where groundwater emerges at the end of its fl owpath (as surface 
springs and discharge to rivers and lakes) which is too close and too late for mitigation before entering the Great 
Lakes. To provide an early warning system, urban groundwater requires comprehensive monitoring. A monitoring 
focus on shallow groundwater and, where appropriate, the unsaturated zone would be most benefi cial. Such data 
are essential for the development of eff ective urban groundwater modelling tools (see above).  Also, improved 
understanding of human exposure to degraded groundwater in the urban environment and potential health risks/
disease is needed. Of particular concern are new and emerging contaminant and disease threats and potential 
sources to receptor pathways.

iv) Base data acquisition and monitoring of urban water balances are needed
Urban areas radically change the water balance and introduce new water balance components. Th ese components 
are well understood but in many cases are not well quantifi ed. Urgent data needs include:
• Sewer exfi ltration and infi ltration rates;
• Leakage rates from pressurized water supply networks;
• Estimates of excess recharge due to infi ltration of stormwater; and
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• Water level and streamfl ow monitoring that will allow inequities in the water balance to be assessed and 
 provide essential input to urban groundwater modelling tools (see above). 

v)  Research on urban groundwater movement and contaminant fate is needed
Urban groundwater is rarely managed unless it is used for domestic supply. Current emphasis on the protection 
of only sources of groundwater supply means that urban groundwater processes and pathways are poorly known 
and that the fate of urban sourced contaminants is not well understood.  Recognizing that “urban karst” is an im-
portant factor aff ecting the fl ow of groundwater and entrained contaminants in urban areas, considerably more 
research is needed to understand and quantitatively assess the role of “urban karst.”  Th e collation of information 
regarding subsurface infrastructure (e.g., pipes, trenches, subways, etc.) into a single, easily accessed data man-
agement system would improve data management.  Research is also needed on the potential threats of degraded 
urban groundwater on aquatic habitats and the timeframes over which this will occur.

vi)  Monitoring and research on stormwater management and dewatering are needed
In many Great Lakes Basin urban areas, stormwater is managed by releasing excess surface water to the shallow 
subsurface, oft en with the assistance of supposedly “green” infrastructure.  Th e downspout disconnection program 
legislated in Toronto (City of Toronto, 2015) is a recent example of such “green” infrastructure.  Considerably more 
research is needed to understand the potential eff ects of releasing stormwater to the subsurface.  Eff ects may in-
clude fl ooding of basements, tunnels and electrical utilities, and accelerated release and transport of contaminants.  
Although dewatering is essential for many urban construction projects, it is frequently undertaken with minimal 
consideration for eff ects on groundwater function and groundwater quality. It is essential that dewatering activities 
are carefully regulated and that eff ects are properly monitored and assessed. 

Table 6.5 Priority science needs related to groundwater and urban development.
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7.1 Introduction

Th is chapter synthesizes existing research associated with potential eff ects of a changing climate on quality and 
quantity of groundwater in the Great Lakes Basin.  Climate change has the potential to alter the physical and 
chemical properties of waters of the Great Lakes Basin and ecological functions of those waters.  Th e increases 
in seasonal temperatures and the changes in amount and distribution of precipitation that are projected to occur 
could lead to fundamental changes to the water cycle and how water is managed.

Changes to the water cycle will likely include the timing and amount of water that recharges the groundwater 
system.  Th e quality and quantity of groundwater available for drinking water and maintaining valued ecosystems 
such as cold water fi sh in streams will also likely be aff ected.  More frequent extreme events such as fl oods and 
droughts are projected to occur.  Groundwater already provides reliable sources of drinking and irrigation water, 
and this need is likely to increase due to extreme drought events.
 
Th e eff ects of climate change on the quality and quantity of groundwater in the Great Lakes Basin are poorly 
understood. Th is is related to the science being relatively new in this area and the complex nature of relationships 
between climate change and groundwater.  

In this chapter we review what is known about the eff ects of a changing climate on groundwater; the 
methodologies to assess the potential eff ects; and the science needs and gaps. 

7.2 Climate and Groundwater:  Observations

Instrumental observations show that land and sea surface temperatures have increased over the last 100 years 
(Cubasch et al., 2013), and global average temperatures are projected to rise another 2 to 4.7°C by the end of the 
century (Melillo et al., 2014) with even larger changes projected over land masses. Th is will aff ect water resources 
through changes in precipitation, wind speed, relative humidity and the resulting evapotranspiration.

Long term observations of climate and water in the Great Lakes Basin have provided indications of how a changing 
climate can aff ect the water balance.  Cold season precipitation and air temperature have increased signifi cantly 
from 1916 through 2007 while cold season snowfall has decreased signifi cantly (Mishra and Cherkauer, 2011). 
Projected increases in cold season temperatures across the Great Lakes region would decrease the length of the 
freezing season, which in turn would aff ect runoff  generation and infi ltration processes.

Although air temperatures are increasing, soil temperatures during the winter are decreasing, especially at sites 
downwind from the Great Lakes in snowbelt areas.  Th is is could be due to more variable and thinner snowpacks, 
which in turn lessens their insulating impact (Isard et al., 2007). Th is illustrates the complex responses of natural 
systems to slow atmospheric warming.
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Th ere have been statistically signifi cant increases in some precipitation and streamfl ow gages over the period 1930 
to 2000 (McBean and Motiee, 2008). For the western Great Lakes, the 2-year precipitation amount has increased 
by ~2% per decade, while 100-yr storm amounts have increased by 4% to 9% per decade (Degaetano, 2009). For 
eastern North America including the Great Lakes Basin, snowmelt runoff  occurs earlier by about 5 to 10 days 
(Hogkins et al., 2007; Burn et al., 2010).  However, this is not necessarily the case for all parts of the Great Lakes 
Basin since in Minnesota the peak fl ows due to snowmelt were found to be not changing signifi cantly (Novotny 
and Stefan, 2007).

Th ere are relatively few studies in the Great Lakes Basin that estimate how groundwater recharge varies in both 
space and time.   Groundwater recharge estimates are sensitive to soil temperature, snow accumulation and snow 
melt. Groundwater has a more complex relationship with climate than surface water (Dams et al., 2012; Green et 
al., 2011; Scibek et al., 2007). 
 
7.3 Climate, Groundwater and Land Use

As shown in Figure 7.1  the supply and demand of water can be aff ected by non-climate factors and this will contin-
ue in the future under a changing climate.  Th ere have been few studies of the cumulative eff ects of climate change 
and human activities on groundwater resources to determine what the future holds for groundwater resources 
(Green et al., 2011). In some areas the eff ects of human activities will be greater than those caused by a changing 
climate (Clift on et al., 2010; Holman et al., 2012; Pasini et al., 2012; Price, 2011; Quevauviller, 2011; Cartwright and 
Simmonds, 2008; Sukhija, 2008; Loaiciga, 2003).

Th e cumulative eff ects of climate, population growth, land management and groundwater availability were as-
sessed for the 48 lower states (Sun et al., 2008).  Th is study found that the greatest water stress was caused by climate 
change, followed by population growth - which was signifi cant at the local level.  In some cases land management 
could aggravate water stress and in other cases could cause a reduction in water stress.  A major recommendation 
of the study was to continue the assessment of climate and land use change and urbanization on water quality and 
how reduced water quality can aff ect potable water availability.

Th e eff ect on regional climate of the Great Lakes Basin of human activities and land use was investigated by Mao 
and Cherkauer (2009). Th ey used a large scale distributed hydrological model to simulate hydrological responses 
to diff erent land-use conditions in the Great Lakes region of Minnesota, Wisconsin, and Michigan, a total area of 
about 494,000 km2. Deforestation was most dramatic in the central part of their study domain where fi ve million 
hectares of deciduous forest have been converted to wooded grasslands and row crop agriculture, which resulted 
in a 5-15% decrease in ET and a 10-30% increase in total runoff . Northern areas, where land-use change was pri-
marily from majority evergreen to majority deciduous forest, experienced decreases of 5-10% in ET and increases 
of 20-40% in total runoff . Th e southern and western parts of the study domain were dominated by a conversion 
from prairie grasslands to row agriculture crop, resulting in a 10-15% increase in ET and a 20-30% decrease in 
total runoff . Th e study does not investigate the eff ects of changes in evapotranspiration and runoff  on groundwater 
quantity.

Th e Muskegon River in Michigan provides key fi sh spawning habitat and was assessed for the eff ects of project-
ed changes in climate and land use on streamfl ow and water quality (Wiley et al., 2010). Th is multi-model study 
indicated that increased air temperatures caused greater evapotranspiration while increasing precipitation in the 
winter months increased groundwater recharge. Th e model indicated that fl ows in Michigan’s Muskegon River are 
likely to increase as a result of climate change. Nutrient concentrations were predicted to have little change from 
current levels but nutrient loads and yields increased for both total nitrogen and total phosphorus.
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Figure  7.1.  Factors affecting water supply and demand and their relations (from Sun et al., 2008).

7.4 Climate, Groundwater and Projections:  Assessment of Impacts

7.4.1 Downscaling and Modeling Approach
Th e management of water resources has relied on the assumption that the water cycle varies within a known range 
that is based on past observations of temperature, precipitation and streamfl ow, and assuming those variables will 
remain within the known range (i.e. “stationarity”).  Th is assumption of stationarity is no longer valid due to the 
uncertainties of a changing climate where past observations can no longer provide a reliable indication of future 
conditions (Milly et al., 2008). 

For the eff ective management of water resources, the potential changes to the water cycle can be investigated using 
the projections from the General Circulation Models (GCMs). However, these projections are based on a global 
grid size of about 200 km which is too coarse for the regional scale at which water resources management occurs.  
Th is is particularly relevant to the Great Lakes Basin since the important eff ects of the Great Lakes on the regional 
water cycle are not accounted for at the global scale (Gula and Peltier, 2012).

To provide the required information at a regional scale, “downscaling” techniques have been developed that pro-
vide projections at a fi ner scale.  Either statistical downscaling or Regional Climate Models (RCMs) can provide 
the climate data at a grid scale of 10 to 40 km that can be used for water resources management.  Statistical down-
scaling is based on establishing a statistical relationship between observed data at the fi ner or local scale and the 
larger scale climate variables from the GCMs.  Th e statistical method is widely used for hydrological impact studies 
and can be run on a personal computer.   Th e RCMs are physically based models much like the GCMs and require 
similar expertise and supercomputers for simulations (Jang and Kawas, 2015).

Th e future projections for the changes in climate variables such as temperature and precipitation are then used 
as inputs to hydrological models that simulate all or part of the water cycle.  Th e hydrological models are usually 
applied at a watershed scale and, to be eff ective at simulating future conditions, they need to reasonably simulate 
historical conditions.  Th e hydrological models need to be validated across the range of climate, soils type, hydro-
geological conditions that control shallow groundwater fl ow, land cover, and other landscape conditions.

Th e hydrological models can be used to quantify the likely eff ects of a range of projections for a future period 
including extreme events on the water cycle.  Such analyses allow scientists and policy makers to assess the risk 
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of potential future climate scenarios on water resources, and then develop adaptation and mitigation strategies to 
address these. 

Prudhomme and Davies (2009) investigated three sources of uncertainty surrounding climate change impact stud-
ies on river fl ows in the UK: uncertainty in GCMs, in downscaling techniques and in hydrological modeling. Th ey 
showed that GCM uncertainty is generally larger than downscaling uncertainty, and both are consistently greater 
than the uncertainty posed from hydrological modeling or natural variability.  Th e climate science community has 
found that the approach of using the projections from multiple GCMs and RCMs – called an ensemble approach 
- helps to address this uncertainty.

7.4.2 Decision-Scaling and Robust Decision-Making
Th e downscaling-modeling approach described above involves uncertainty at each step of the downscaling-mod-
eling chain. Th e uncertainty begins with the unknown future emissions of greenhouse gas and is increased by the 
diff erences in projections of climate change by the many GCMs. To obtain the fi ner scale information required to 
assess hydrological eff ects, multiple methods to downscale GCM projections add to the uncertainty.  Th e eff ects 
of these uncertainties are then propagated into the hydrological models (Brown et al, 2011, International Upper 
Great Lakes Study Board, 2012).  

Th e considerable uncertainty associated with the downscaling-modeling approach has necessitated the develop-
ment of alternative approaches to assess climate change eff ects on water resources. As shown in Figure 7.2 the 
down-scaling modeling approach is a top-down approach beginning with climate projections and ending in the 
identifi cation of vulnerabilities.  In contrast, the decision-scaling approach is bottom-up and begins with populat-
ing the vulnerability domain by identifying potential vulnerabilities.  

Th e potential vulnerabilities are defi ned by stakeholders and experts as thresholds or coping zones for specifi c pa-
rameters of interest such as groundwater level or lake level.  A climate domain is then constructed which contains 
the climate states required to cause the parameter of interest (groundwater level or lake level) to exceed or go be-
yond the thresholds or coping zones.  Th is is achieved using multiple climate simulations using specifi c or tailored 
projections and paleodata that provides extreme past climates.  Th e “plausibility” of the climate state occurring is 
then given by the frequency it occurs in the climate domain. Th is approach was used in the development of the 
plan to regulate fl ows from Lake Superior in the International Upper Great Lakes Study (Brown et al., 2011).

Th e next step is to develop a plan or decision that addresses the multiple future climate scenarios.  Th e plan or 
decision is considered robust if it can manage the diff erent possible futures.  Th e resulting management plan of 
the system may not be optimal in terms of economic or engineering effi  ciency, but the functioning of the sys-
tem continues within established limits or goals.  Flexibility through adaptive management should be part of the 
plan. Continuous and comprehensive monitoring and being receptive to establishing new practices in response to 
changing conditions is also required (Hallegatte et al., 2012; Groves et al., 2013).

Real option analysis is another method that deals with uncertainty, which has been used for decisions for long term 
infrastructure.  Th is method was originally developed to identify investment decisions that are resilient across a 
spectrum of outcomes (Scandizzo, 2011).  Real options analysis has been used for the design of a multi-purpose 
dam in the Blue Nile, Ethiopia (Jeuland and Whittington, 2013), fl ood risk management opportunities along the 
Th ames Estuary, England (Woodward et al., 2013), and water security for the Krishna Basin in India (Davidson et 
al., 2011). 
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Figure  7.2. Down-scaling and decision-scaling approaches for modeling.  The down-scaling modeling 
on the left is a top-down approach that begins with the projections from GCMs and ends with 
identifying vulnerabilities.  Uncertainty grows with each step.  The decision-scaling approach 
begins with a bottom-up analysis to identify vulnerabilities and ends with climate information 

to inform a decision (from Brown et al., 2011).

Other potential methods for assessing climate change eff ects in the face of wide or deep uncertainty include the 
scenario-neutral approach,  information-gap decision theory (IGDT), and risk-informed decision-making (Garcie 
et al., 2014).  A comprehensive evaluation of the methods and guidance for selecting the most appropriate method 
for a particular water resources problem is lacking.

7.5 Groundwater Quality

Th ere are few studies that investigate the eff ects of climate change on groundwater quality in the Great Lakes Basin. 
Such eff orts are hampered by the lack of data providing nutrient loadings throughout the Great Lakes Basin and 
the lack of water quality data (see Chapter 4).  Changes to recharge rates and soil temperatures could aff ect the 
transport of contaminants (Green et al., 2007). Th e complexity of the fate and transport of subsurface contami-
nants was also described by Bloomfi eld et al. (2006) in their investigation of the eff ects of climate change on the 
behavior of pesticides in surface water and groundwater in the UK. A conclusion of their work is that the eff ect of 
climate change on pesticide fate and transport is likely to be highly variable and diffi  cult to predict. Th e indirect 
eff ects such as land-use change driven by changes in climate may have a more signifi cant impact on pesticide fate 
and transport.

A simple but eff ective measure for groundwater quality is temperature. For streams and rivers that receive sig-
nifi cant amounts of groundwater discharge, the relatively consistent temperature of the shallow groundwater is 
important for maintaining conditions for cold water fi sheries.  A thermal modelling study used an equation for 
subsurface heat transport to assess the potential eff ects of rising surface temperature due to climate change on 
shallow groundwater (Kurylyk et al., 2015).  It was found that the shallow groundwater temperature would rise at 
a slower rate and that the temperature rise was dependent on subsurface thermal properties, depth to groundwater, 
and the velocity of the groundwater.
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Assessing the eff ects of climate change on groundwater quality requires assumptions about future practices in-
volving contaminants (Chapter 3), nutrient application rates and timing (Chapter 4), and forms of urban infra-
structure (Chapter 6). Multiple scenarios must be considered to evaluate the compounding eff ects of management 
changes on groundwater. Th e assessment of future groundwater quality also depends on the processes that aff ect 
contaminants in the vadose zone, saturated groundwater and the transition zone (Chapters 2 and 3). Th e science 
need is to comprehensively understand the processes so that projected climate factors can be used in fate and 
transport models to understand the potential eff ects of a changing climate.

Green et al. (2011) state that relatively few studies of climate change eff ects on groundwater have focused on 
groundwater quality.  Groundwater quality can be a complex function of the chemical, physical, and biological 
characteristics of a watershed. It is expected that groundwater quality will not only respond to changes in climate 
but also to how urban and rural development proceeds.  Investigation of the eff ects of a number of urban and rural 
development scenarios on groundwater would be required to determine the range of potential eff ects on water 
quality.

7.6 Groundwater Quantity

Although studies have examined the potential eff ects of climate change on groundwater and surface water hy-
drology, there continues to be uncertainty about the magnitude and even the direction of changes to groundwater 
recharge or levels in the Great Lakes Basin.  Th e studies summarized in Table 7.1 show that groundwater recharge 
or levels can either decrease or increase.

Several studies (Wiley et al. 2010; Jyrkama and Sykes 2007; Rahman et al. 2012) project increases in streamfl ow 
during winter months. Some areas will be subjected to greater changes in recharge rates, while others will experi-
ence lesser change. Th e degree of eff ect is controlled by groundwater levels, characteristics of the ground surface, 
and the nature of the underlying soils.

Th e results from these studies demonstrate that we do not currently have the ability to quantitatively predict the 
magnitude or direction of the eff ects of climate change on groundwater resources with a high degree of confi dence 
(Kurylyk and MacQuarrie, 2013). 

Groundwater storage volumes are likely to be less sensitive to climate changes than river discharge and aquifer 
recharge (Sulis et al. 2011). Storage variations will likely be larger for shallow groundwater that is more directly 
exposed to fl uctuations in precipitation and evapotranspiration. Croley and Luukkonen (2003) found that the 
direction of change in recharge depended on the GCM chosen to develop the climate that drives the hydrology 
model.  Increasing pumping rates due to more need for irrigation may overwhelm changes in recharge; however 
there has been little projection of changes in irrigation demand for the Great Lakes Basin. 

7.7 Science Gaps and Needs

i)  Assessment of climate change eff ects
Water resources planning can no longer rely on past observations to inform the future.  It is also known that 
the downscaling modeling approach for determining climate change eff ects on groundwater results in a range of 
magnitudes and even direction of potential change.  Th e wide or deep uncertainty associated with these climate 
change eff ects requires that diff erent assessment and planning methods be used.  Th e new methods that are 
available need to be evaluated and guidance should be developed to facilitate their adoption.

ii)  Uncertainty analysis
Th e few studies on the eff ects of climate change on the groundwater quantity in the Great Lakes Basin are incom-
plete in that none provide a complete uncertainty analysis. Such an assessment is complex because of the multiple 
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Table 7.1 Summary of  groundwater climate change impact studies in the Great Lakes Basin.

modeling steps that are required. Adding considerably to the complexity is the need to consider the model, data 
and parameter uncertainty in each modeling step from the selection of an emission scenario to the calculation of 
the response of the watershed.

iii)  Extreme events
Absent from literature is any quantifi cation of extreme weather with the typical qualitative prediction being that 
storm events in the future may be less frequent and more intense or that there may be periods of prolonged 
drought. Th e quantifi cation of extreme events and drought only has meaning in a probabilistic analysis. Th e com-
plexity of the analysis is that the statistics for either extreme events or drought are not spatially stationary but are 
likely unique to a given watershed.
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iv)  Development of integrated models
Th ere is also a clear need to continue developing process based models that can predicatively simulate the impacts 
of changes in climate on groundwater and surface water resources both in terms of quantity and quality.  Inter-
actions between climate and groundwater are most commonly simulated by coupling GCMs with hydrological 
models (Kurylyk and MacQuarrie, 2013). Since groundwater levels are directly coupled to land-energy feedbacks 
(Maxwell and Kollet, 2008) it may be more appropriate to directly simulate the groundwater recharge response 
to climate change within the land surface model of the GCM, or to embed hydrological models into the land sur-
face models of regional climate models. An alternative would be for groundwater scientists to help improve the 
groundwater components of the existing GCM land surface models (Gulden et al., 2007).

Accurately describing the coupling between climate and hydrology requires incorporation of the full range of 
hydrological processes including groundwater recharge, and discharge; evapotranspiration based on variable plant 
phenology; and fl uxes to and from ephemeral wetlands; hydrological processes need to be considered interactive 
components of the climate system (Lofgren et al., 2013). Surface water and groundwater have traditionally been 
modeled independently, however these are clearly coupled and should thus be considered in an integrated manner 
(Kornelsen and Coulibaly, 2014; Peterson et al., 2013).

v)  Future land and water use scenarios
Climate change will likely aff ect the quantity and quality of groundwater and surface water in the Great Lakes Ba-
sin (Clift on et al., 2010).  In some areas the eff ects of non-climate factors on groundwater such as land and water 
use and changing practices may have more infl uence on quantity and quality.  However, there is a need for water 
resource planning to consider the cumulative eff ects of climate and future land water use scenarios on future water 
supplies (Sun et al., 2008).

vii)  Climate change eff ects on groundwater quality
Only a few studies have investigated the eff ects of climate change on groundwater quality in the Great Lakes Basin. 
Th e assessment of  how, when and where of these eff ects is critical for developing plans to ensure the security of 
water supplies for drinking, industry, and irrigation.  To address important factors of land and water use, the as-
sessments should be conducted at local to regional scales. 

viii)  Groundwater monitoring
Based on existing data and studies, there remains insuffi  cient information on the relationship between long-term 
climate change and groundwater recharge, although several studies have examined the relationship between 
seasonal or decadal climate variations and groundwater levels (Rivard et al., 2009).   Th ere should be an increase 
in fi eld-based studies that track climate change-induced eff ects on groundwater levels and quality (Kurlyk and 
MacQuarrie, 2013).

ix)  Integrated monitoring
To adequately assess the eff ects of climate change on hydrology, there needs to be much more collection of hydro-
logical data including streamfl ow, groundwater levels, soil moisture and temperature, stream and groundwater 
temperatures, as well as water quality variables. Increasing the number of stations collecting such data for long 
time periods provides a basis to evaluate linkages between climate and hydrology, and to validate models that can 
quantify the reasons for observed changes.   
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Table 7.2.  Priority science needs related to climate change and groundwater.
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8. CONCLUSIONS AND SUMMARY OF MAJOR SCIENCE NEEDS

Dale Van Stempvoort1 and Norm Grannemann2

1Environment Canada, Burlington, ON, Canada
2United States Geological Survey, Lansing, MI, USA

A key question that is addressed by this report can be summarized as follows: Does groundwater improve or ad-
versely aff ect Great Lakes water quality?  As discussed in Chapters 2, 3 and 4, the fl ow of groundwater to streams 
in the Great Lakes Basin or directly to the Great Lakes can serve to either improve or degrade water quality, and 
in some areas, groundwater may simultaneously contribute both negative and positive eff ects.  For example, along 
a single stream or lakeshore, plumes of contaminated groundwater may emanate from point sources, surrounded 
by uncontaminated groundwater, both types discharging to the same surface water environment.   Th is simple ex-
ample illustrates the complex relationships between groundwater and Great Lakes water quality, and the fact that 
providing an answer to the above question is not easy or obvious.  Th is chapter provides a range of responses to 
the above question, as conclusions of this report, by focusing the relevant information that is presented previously 
in Chapters 2-7. 

8.1 Conclusions

(i) Groundwater enhances water quality of the Great Lakes
As discussed in Chapter 2, the discharge of groundwater to streams fl owing into the Great Lakes, and directly to 
the Great Lakes, contributes signifi cantly to the replenishment of the water supply of the lakes.  Although data 
are sparse, groundwater generally has not been adversely impaired by contaminants, such as excessive levels of 
nutrients or chloride in relatively pristine areas of the Basin.  Th is includes areas around Lake Superior and north 
of Lake Huron, and undeveloped, mostly forested areas throughout the Great Lakes Basin such as in the northern 
Lower Peninsula of Michigan.  Th e discharge of groundwater, notably from these pristine areas, to streams fl owing 
into the Great Lakes, or directly to the Great Lakes, helps maintain the water quality of the lakes.  

Th e discharge of this groundwater plays a crucial role in maintaining the water quantity, quality and temperature 
of habitats (Chapters 2, 5), some of which (perennial streams, coastal fens) are groundwater dependent ecosys-
tems.  Th e ambient chemistry of discharging groundwater is benefi cial to some lakeshore communities (Chapt 5).  

(ii) Contaminated groundwater adversely aff ects Great Lakes water quality
As described in Chapters 3, 4 and 6, in developed areas of the Great Lakes Basin, when groundwater is contami-
nated by activities such as urban development, mining or agriculture, groundwater can have a negative eff ect on 
the water quality of streams fl owing into the Great Lakes, on the lakes themselves and on aquatic habitats in these 
water bodies.  Groundwater contamination may remain long aft er the sources of that contamination have been 
removed.  In areas where land use has changed, little evidence may exist for problems at ground surface.  As ex-
plained in Chapters 3, 4 and 6, discharge of groundwater is an important vector (path) for some contaminants that 
aff ect the Great Lakes.  Chemicals that are transported by groundwater to the Great Lakes tend to be both relatively 
persistent and mobile, because they are easily dissolved in water.     

(iii) Groundwater provides a treatment or storage zone that can protect Great Lakes water quality
In various ways, groundwater provides a subsurface treatment zone that naturally attenuates, immobilizes or re-
moves many contaminants (Chapters 3 and 4).  Th ese attenuation processes oft en are enhanced in the transition 
zone (Chapter 3) and other hot zones and hot moments (Chapter 4).  However, science gaps remain about the 
fate of contaminants in groundwater.  For example, the ability of microorganisms to remove contaminants in the 
subsurface depends on the local conditions and the type of contaminant; oft en the available laboratory tests on 
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which our current understanding of the fate of contaminants is based does not pertain directly to groundwater 
conditions.  

(iv) Groundwater provides a long-term source of contaminants negatively aff ecting Great Lakes 
water quality
When contaminants are not degraded or removed, the groundwater can act as a subsurface reservoir that becomes 
a long-term source of contaminants, which may result in problematic, stable levels of contaminants in groundwa-
ter discharging to streams or nearshore areas of the lakes, long aft er the sources of these contaminants are elimi-
nated or reduced.
 
(v) Th ere are gaps in our understanding of how groundwater aff ects Great Lakes water quality
With respect to management and protection of water quality in the Great Lakes Basin, past work on vulnerability 
of water resources has focused on vulnerability of either groundwater or surface water separately.  New approaches 
that provide more comprehensive tracking and accounting for the fl ow of contaminants in the environment are 
needed.  Fluxes of chemicals (including nutrients) from groundwater to surface water, and also from surface water 
to groundwater (for example during bank storage) are important considerations for new approaches.  As discussed 
in the following section (cf. Table 8.1), more comprehensive assessment and reporting on the eff ects of groundwa-
ter on water quality of the Great Lakes will require science advancements in eight diff erent areas:
• assessing regional scale groundwater discharge to surface water;
• assessing the geographic distribution of known and potential sources of groundwater contaminants 
 relevant to Great Lakes water quality, and the effi  cacy of mitigation eff orts;
• monitoring and surveillance of groundwater quality in the Great Lakes Basin;
• advancing research on local-scale interaction between groundwater and surface water;
• developing better tools for monitoring, surveillance and assessment of groundwater – surface 
 water interaction;
• advancing research on the role of groundwater in aquatic habitats in the Great Lakes Basin;
• improving the understanding of eff ects of urban development on groundwater; and
• developing scale-up models of regional eff ects of groundwater on Great Lakes water quality. 

Th ese science activities are linked.  For example, new interpretations (models, insights) oft en lead directly to re-
thinking what is required for monitoring, which may result in the design and implementation of new tools to col-
lect fi eld data.  In order to be eff ective, the science activities need to be closely linked to policy and programs, such 
that program managers and policy makers have the knowledge and tools needed to make informed, science-based 
decisions related to groundwater and water quality in the Great Lakes Basin. 

Addressing some of the science gaps will require ongoing (long-term) science activities.  Th is is, in part, due to 
ongoing urban development and changes in land use and infrastructure, which can have large eff ects on ground-
water, including the quantity of groundwater discharge, hence also on the water budget and water quality of the 
Great Lakes (Chapter 6).  Climate change may aff ect groundwater, notably the rates and timing of both recharge 
and discharge of groundwater to surface water in the Great Lakes Basin (Chapter 7).  

Large uncertainties are associated with modeling of climate and associated hydrological responses of groundwater 
and surface water in the Great Lakes Basin.  Consequently, very little can be said today about what eff ects climate 
change will have on groundwater, and about how these changes will aff ect the quantity and quality of water in 
the Great Lakes (Chapter 7).  Future collection of climate data, coupled with groundwater monitoring, will allow 
revision and refi nement of the modeling of these relationships.  However, it is anticipated that climate change in 
the Great Lakes Basin will be accompanied by land use changes, which may have an even greater eff ect on ground-
water quantity and quality than the direct eff ect of climate change, thus adding to the complexity of the challenges 
that will continue to be addressed by future science activities.  
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8.2 Summary of Major Science Gaps and Needs 

Th is fi nal section summarizes and provides a concluding discussion of eight major areas of information gaps and 
science needs, based on those identifi ed previously in Chapters 2-7 (Table 8.1). 

Science Need Area 1: Advance assessment of regional-scale groundwater discharge (quantity) to surface water 
in the Basin

Understanding how groundwater is aff ecting Great Lakes water quality will require more accurate regional- to ba-
sin-wide scale accounting for the fl ux of groundwater to streams and directly to the Great Lakes.  More specifi cally, 
this will require more accurate water balances and fi eld measurements to determine groundwater contributions 
for the Great Lakes, lakes and ponds, and wetlands in order to assess relative importance of groundwater sources 
to each.  

A fi rst-order regional-scale assessment of groundwater quantity fl uxes to surface water in the Great Lakes Basin as 
base-fl ow has been provided by Neff  et al. (2005).  On the U.S. side of the Great Lakes some of the sites evaluated 
by Neff  et al. (2005) have been updated and can be used to determine regional trends in groundwater discharge.  
In municipal areas where groundwater is a source of drinking water, Source Water Protection plans have been 
implemented as management tools to help protect groundwater.  Th e impact of groundwater withdrawals on 
streamfl ow is also being assessed on a case-by-case basis in Michigan and similar withdrawal assessment tools are 
being evaluated in other states.

On the Ontario side of the Great Lakes Basin, in developed areas, relevant information has been assembled at the 
scale of subwatersheds, which are managed by individual Conservation Authorities.  In these subwatersheds, the 
Source Water Protection plans have provided regional-scale assessments of groundwater fl ow systems and water 
budgets, including discharge to streams, and in some cases estimates of direct discharge to shores of the Great 
Lakes.  Th ese assessments vary in complexity (Tier 1 to Tier 3).  However, in the relatively pristine northern por-
tion of the Great Lakes Basin in Ontario, where few Source Water Protection plans have been developed, very little 
information is available on the groundwater fl ow systems or about the effl  ux of groundwater to streams and the 
Great Lakes.  Here initial estimates of groundwater fl uxes to streams would generally rely on estimates of base-fl ow 
provided by the base-fl ow index approach (Neff  et al., 2005).  

As their names imply, Source Water Protection plans in Ontario mainly focus on the protection of groundwater 
and surface water as sources of drinking water.  Th us, assessments of fl uxes of groundwater to surface water are 
minor components of these studies.  Th ese assessments use various methods to calculate base-fl ow using stream 
hydrographs.  Th e interpretations warrant revisiting to ensure that they adequately account for other components 
of base-fl ow, such as drainage from lakes, wetlands and reservoirs and the discharge of treated wastewater.  

Science Need Area 2: Establish science-based priorities to advance the assessment of the geographic distribu-
tion of known and potential sources of groundwater contaminants relevant to Great Lakes water quality, and 
the effi  cacy of mitigation eff orts 

Understanding of how groundwater is improving or adversely aff ecting Great Lakes water quality will require 
compilation and assessment of locations of known or suspected sources of groundwater contamination, that are 
considered to have potential, direct impact on the water quality in nearshore areas of the Great Lakes, and in 
streams fl owing to the Great Lakes.  An emphasis could be placed on large industrial sites (legacy and current), ur-
ban developments, and areas of widespread, regional use of chemicals such as salt, fertilizers and pesticides.  Th is 
assessment also could include an evaluation of the effi  cacy of mitigation eff orts, including changes in regulations, 
practices, remediation prevention and containment approaches, and introduction of benefi cial management ap-
proaches, with respect to groundwater contamination at these locations.
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Th is science-based assessment could be periodically updated, incorporating new knowledge that is obtained by 
science activities outlined in the following science need areas (3-7).

Science Need Area 3: Advance monitoring and surveillance of groundwater quality in the Great Lakes Basin

Understanding of how groundwater is improving or adversely aff ecting Great Lakes water quality will also 
require compilation and assessment of the available groundwater quality data in the Basin.  Th e existing monitoring 
networks likely have signifi cant gaps with respect to information about both non-point and point source contami-
nants, and spatial disparity (Chapter 3).  For example, it is possible that these networks will need to be augmented 
by enhanced local-scale (e.g., site specifi c) groundwater surveillance or monitoring in urban and industrial areas.  
Consideration should be given to unconventional approaches, such as sampling shallow groundwater by tempo-
rary drive points in urban riparian zones and along urban shores (Roy and Bickerton, 2010, Roy and Malenica, 
2013).  Monitoring should be expanded, in terms of the range of contaminants analyzed, to include “emerging 
concern” chemicals (Chapter 3). 

A major challenge is that much of the site specifi c monitoring data that has been collected in the Basin (e.g., at 
contaminated sites) is not available in the public realm (Chapter 3).  In some cases, it may be possible to incorpo-
rate or access information from existing, privately-owned or NGO-operated monitoring wells in such areas, rather 
than requiring new, expensive installations.  In some cases, information gathered about contaminated ground-
water may be directly relevant to Areas of Concern (AOCs) in the Great Lakes (see Annex 1 of the GLWQA; 
Environment Canada, 2013b).  Furthermore, the larger scale, cumulative eff ects of these contaminants are relevant 
to Lakewide Management Plans (see Annex 2 of the GLWQA; Environment Canada, 2013b).
 
Science Need Area 4: Advance research on local-scale assessment of interaction between groundwater and 
surface water

A more detailed understanding of groundwater – surface water interaction is needed to adequately assess the eff ect 
of groundwater on water quality and aquatic habitats in the Great Lakes.  Th is would require include local-scale 
fi eld studies that consider not only the quantity of groundwater discharge but also the fl uxes of contaminants 
between groundwater and surface water, and the various processes that attenuate these contaminants. 
 
Th is new fi eld-based research could focus on riparian zones along streams and in nearshore areas of the Great 
Lakes, including coastal wetlands, beaches, and developed urban shorelines, to directly assess the interaction of 
groundwater and surface water, and the eff ect of these exchanges on aquatic habitats. Th ese local scale studies 
would consider heterogeneity (hydraulic properties of sediments, contaminant sources), seasonality and events, 
processes at and near the interface between groundwater and surface water (e.g., streambed, shoreline).  Th is 
analysis would have to take into account that exchange of groundwater and surface water is not unidirectional 
in either space or time: even during base-fl ow conditions, diff erent stream reaches may be either “gaining” or 
“losing” (experiencing net discharge of groundwater or net recharge to groundwater),  and there are seasonal and 
weather-related events and reversals, such as episodic recharge in low lying areas during spring melt and bank 
storage of stream water (as riparian groundwater) associated with precipitation events.  Th e goal of these local-scale 
studies would be to develop better conceptual and numerical models of the interaction of groundwater with surface 
water in diff erent hydrogeological and land use settings in the Great Lakes Basin, and water quality aspects of this 
interaction, as well as how these interactions aff ect aquatic habitats.  

In part, these local-scale studies could be aimed to provide a better understanding of the importance of 
near-stream, shallow groundwater fl ow systems.  More specifi cally, there is a need to determine the relative role 
of localized near-stream groundwater fl ow systems, compared to longer, deeper fl owpaths in aquifers in the Great 
Lakes Basin.  If the interpretation of Pijanowski et al. (2007) is correct, then the water quality of streams in Great 
Lakes Basin may be proportionately more aff ected by discharge of contaminated groundwater that has recharged 
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in urban areas, which tend to be located near streams, compared to groundwater derived from recharge in larger 
areas under agricultural use, which, on average, travels further and longer before reaching streams.  Some of the 
local-scale studies should directly address the information gaps and uncertainties associated with land use and 
infrastructure, especially in urban areas, but also in rural areas (e.g., tile drains). 
 
Some of these studies could also assess how spatial and temporal variations in stream chemistry along stream 
reaches are related to groundwater discharge.  Maintenance of local-scale research sites as nodes within moni-
toring networks would greatly contribute towards a better understanding of how changes in land use, climate, 
and other factors aff ect the water quality of the Great Lakes, and of how eff ectively groundwater fl ow systems can 
buff er (attenuate) the changes in the quantity and quality of water in the Great Lakes, in response to such changes.  
Dedicated research sites would be very useful for ongoing testing and revision of the local-scale conceptual and 
numerical models of groundwater – surface water interaction.  

Science Need Area 5: Develop better tools for monitoring, surveillance and local-scale assessment of ground-
water – surface water interaction

Development of better tools and protocols for inexpensive, relatively nonintrusive studies of groundwater – sur-
face water interaction at the local (reach) scale is needed to support the monitoring, surveillance and research 
outlined above (Science need areas 3,4).

Science Need Area 6: Advance research on the role of groundwater in aquatic habitats in the Great Lakes Basin

Detailed site specifi c studies are needed on groundwater eff ects (including dependency) on aquatic communities, 
particularly benthic communities, and groundwater-dependent communities in streams and coastal wetlands.  
Investigations on how diff erent ecological and microbial communities respond to the chemical constituents of 
shallow groundwater, including contaminants, would provide important information on the role of groundwater 
in aquatic habitats.

Science Need Area 7: Improve the understanding of eff ects of urban development on groundwater

Quantitative data are lacking on the components of the complex water cycle in urban areas of the Great Lakes 
Basin.  Information is particularly sparse about the role of groundwater in this cycle, including how urban ground-
water is aff ected by infrastructure, including sewer networks (“urban karst”), stormwater management systems, 
and extraction, including dewatering.  Quantitative information is also lacking about urban sources of ground-
water contamination, about concentrations of contaminants in groundwater and about fl uxes of contaminants 
from discharging groundwater to streams and lakes in urban areas.  Addressing all of these science gaps by imple-
menting an array of new monitoring and research activities would greatly improve understanding of the eff ects of 
urban groundwater on receiving water bodies and on aquatic ecosystems.   Th ere is also a need to expand the use 
of comprehensive groundwater modelling tools to provide guidance on urban groundwater management.  Th ese 
modeling approaches would incorporate the eff ects of subsurface infrastructure (e.g., pipes, trenches, subways, 
etc.), and would enable a better understanding of water quantity and water quality changes over time, the potential 
eff ects of changing climate and land use.  Th is would support risk assessment related to the eff ects of groundwater 
on surface water quality and ecosystems in urban areas.

Science Need Area 8: Develop scaled-up models of regional eff ects of groundwater on Great Lakes water quality
 
Another vital link of an improved, integrated science approach would be to develop and revise regional-scale nu-
merical models that incorporate the above, regional-scale discharge assessments, monitoring and surveillance data 
and local-scale research activities.  Th e challenge would be to upscale the enhanced understanding of local-scale 
processes (based on the local-scale studies) in order to assess regional-scale time-averaged effl  ux of groundwater 
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(quantity and contaminants) to the Great Lakes, either directly or indirectly through the tributaries.  Th is type of 
modeling will provide a very useful assessment of the regional-scale eff ects of groundwater on Great Lakes water 
quality and aquatic habitats.

Th is regional-scale, integrated modeling of the fate of contaminants in the Great Lakes Basin would have to take 
into account their storage and attenuation in groundwater (and associated solid phases), including the role of the 
transition zone, as described in Chapters 2, 3 and 4.  Th e assumptions of these models would have to be based on 
local-scale fi eld investigations of the fl uxes of these contaminants between groundwater and surface water, as de-
scribed above.  Th e challenge would be to select appropriate numerical approaches to provide a regional, time-av-
eraged scale of interpretation.  Perhaps the regional scale modeling could incorporate more detailed, physically 
based modeling of processes at local scale, but would need to provide a way of scaling up, in which more simplifi ed 
model assumptions are required (see Chapters 2 and 7).  Upscaling in time will limit the ability to incorporate ef-
fects of episodic events, such as spring snowmelt and storms.   Appropriate methods would be selected for upscal-
ing in order to avoid erroneous degradation of the physical basis of the model and loss in reliability of the results 
(Chapter 7).   Somehow this regional-scale modeling would have to incorporate concepts that account for localized 
processes and short-term events, including reversals (e.g., bank storage), and ways to assess the importance of such 
variations in aff ecting groundwater and its eff ects on surface water and aquatic habitats in the Great Lakes Basin. 
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Table 8.1.  Relationships between major science needs presented in this chapter and the 
priority science needs identified in Chapters 2-7. 
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Glossary

Below are defi nitions of some terms, both scientifi c and non-scientifi c, many of which are related to groundwater, 
hydrology and ecology. Th ese are provided here for information purposes, not as offi  cial legal defi nitions.  Where 
applicable, use of one of the following numbered sources is indicated by the corresponding number provided at 
the end of each defi nition (although exact wording has sometimes been changed):

1United States Environmental Protection Agency 
(http://iaspub.epa.gov/sor_internet/registry/termreg/searchandretrieve/termsandacronyms/search.do) 
2American Society of Civil Engineers, 1985, Manual 40 – Ground water management
3USGS Water Basics Glossary (http://water.usgs.gov/water-basics_glossary.html)
4Water Information Coordination Program (http://acwi.gov/wpinfo.html)
5Kansas Geological Survey (http://www.kgs.ku.edu/Extension/glossary.html)
6 Water Encyclopedia – Science and Issues (http://www.waterencyclopedia.com/)
7Central Lake Ontario Source Protection Area Assessment Report 
(http://www.ctcswp.ca/the-science-ctc-assessment-reports/central-lake-ontario-spa-assessment-report/)
8Canadian Environmental Assessment Agency, Cumulative Impact Monitoring Program 
(https://www.aadnc-aandc.gc.ca/eng/1100100023828/1100100023830)
9USGS Water Science Glossary of Terms (http://water.usgs.gov/edu/dictionary.html)
10 Environment Canada, Groundwater (http://www.ec.gc.ca/eau-water/default.asp?lang=En&n=300688DC-1)
11Merriam Webster Online (http://www.merriam-webster.com/)
12Fisheries and Oceans Canada (http://www.dfo-mpo.gc.ca/species-especes/act-loi/habitat-eng.htm)

Acidic (acid mine) drainage: Is the formation and movement of highly acidic water rich in heavy metals.  Th is 
acidic water forms through the chemical reaction of surface water (rainwater, snowmelt, pondwater) and shallow 
subsurface water with rocks that contain sulfur-bearing materials, resulting in sulfuric acid.  Heavy metals can be 
leached from rocks that come in contact with the acid, a process that may be substantially enhanced by bacterial 
action.  Th e resulting fl uids may be highly toxic and, when mixed with groundwater, surface water and soil, may 
have harmful eff ects on humans, animals and plants.1

Adfl uvial: Migrating between lakes and rivers or streams.

Absorption: Th e process by which substances in gaseous, liquid or solid form dissolve or mix with other 
substances.2 (Th e verb form is absorb.)

Adsorption: Adherence of gas molecules, ions or molecules in solution to the surface of solids.2 

(Th e verb form is adsorb.)

Aerobic: Pertaining to, taking place in, or caused by the presence of oxygen.3

 
Alluvial: Pertaining to processes or materials associated with transportation or deposition by running water.

Ambient groundwater conditions: Baseline water-quality characteristics that can be used to investigate 
long-term trends in resource conditions.  Th e parameters measured in baseline-monitoring programs provide a 
set of descriptive data on general groundwater conditions.4 

Anaerobic: Pertaining to, taking place in, or caused by the absence of oxygen.3

Anammox: Abbreviation for anaerobic ammonium oxidation. A microbial process of the nitrogen cycle.
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Anoxic: Being depleted of dissolved oxygen.  Th is condition is generally found in areas that have restricted water 
exchange.

Aquifer: A geologic formation (or group of geologic formations) that is porous enough and permeable enough to 
transmit water at a rate suffi  cient to feed a spring or a well.5

Aquifer vulnerability mapping: A tool that can be used to protect groundwater resources and their ultimate use.  
Aquifer vulnerability maps identify areas where contamination of surface water or at the land surface is more or 
less likely to result in the contamination of groundwater.

Attenuation (of contaminants): Can be split into two components, physical or chemical. Physical attenuation is 
the dilution and dispersion of contaminant concentrations in surface waters or groundwater.  Chemical attenua-
tion is the collective assemblage of reactions that causes contaminant concentrations to decrease in surface waters 
or groundwater.  Attenuation of chemicals is complicated, and specifi c to the particular contaminant class.6

Bank storage: Th e change in the amount of water stored as groundwater, oft en in an aquifer, adjacent to a surface 
water body resulting from a change in stage of the surface water body.3

Base fl ow: Th e sustained fl ow of a stream, usually groundwater infl ow, to the stream channel.3

Bedrock: A general term used for solid rock that underlies soils or other unconsolidated materials.3

Bedrock geology: Th e study of the solid rock underlying unconsolidated surface material. Also refers to descrip-
tion of bedrock types.7

Benthic: Occurring at the base of bodies of water: lakes, streams.

Benthic invertebrates: Small aquatic organisms that live in stream sediments and are a good indicator of water 
quality and stream health.7

Bioaccumulation: Th e biological sequestering of a substance at a higher concentration than that which it occurs 
in the surrounding environment or medium.  Also, the process by which a substance enters organisms through the 
gills, epithelial tissues, dietary, or other sources.3

Biomagnifi cation: A process where chemicals are retained in fatty body tissue and increase in concentration over 
time. Biomagnifi cation is the increase of tissue accumulation in species higher in the natural food chain as con-
taminated food species are eaten.1

Bioswale: A relatively wide, shallow, open channel, typically vegetated with turf grasses, with a slight gradient. 
Th ese systems are designed to let water fl ow slowly through the turf grasses. Th e roughness of the turf slows the 
runoff  velocity and provides some fi ltration and settling of suspended solids. Runoff  volumes can also be reduced 
through infi ltration depending on the porosity of the underlying soils. Swales can be designed with underdrains to 
convey excess runoff  from saturated soils.1

Biota: All living organisms of an area.3

Catchment: Th e groundwater and surface water drainage area from which a woodland, wetland, or watercourse 
derives its water.7

Climate: Th e average weather conditions of a place or region throughout the seasons.7
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Combined storm-sewer system: Sewers that carry both sanitary waste and stormwater.  

Cold water fi sh: : Fish that require maximum daily mean temperatures less than 20±1°C.  Th e maximum tem-
perature criterion varies slightly between the classifi cation systems used in Ontario (19°C: Fisheries and Oceans 
Canada, 2008) and in Michigan and Wisconsin (20.7°C: Lyons et al., 2009).  Cool water and warm water fi sh are 
also defi ned based on other temperature criteria.

Coliform bacteria: Bacteria that are naturally present in the environment and used as an indicator that other po-
tentially harmful bacteria may be present.1

Colloid: Of or pertaining to very small, fi nely divided solids that do not dissolve and remain dispersed in a liquid 
due to their small size and electrical charge.1

Conductivity: Th e quality or power of conducting or transmitting.

Confi ning unit: A body of impermeable or distinctly less permeable material stratigraphically adjacent to one or 
more aquifers that restricts the movement of water into and out of the aquifers.3

Contaminant: An undesirable substance, usually an element, compound or microorganism that is released to 
the environment by human activity.  In groundwater and surface water, contaminants generally occur as solutes 
or suspended particles (e.g., colloids).  Th ey include synthetic substances and naturally occurring substances that 
reach unusually high concentrations in water because of human activities.  (see contamination)

Contamination: Th e introduction of harmful substances that are called contaminants (see above) into the envi-
ronment as the result of human activities.  Contamination of groundwater may occur when synthetic substances 
are released to surface or near surface environments, or when naturally occurring substances are released to the 
same environments by human activities and technologies.  Examples of the latter include extraction of hydrocar-
bons and formation water from wells, and mining of salt.  Contamination may occur as the result of geochemical 
reactions in these environments, for example when mine waste rock is stored at surface, or when the water table 
is lowered.  

Critical habitat (for aquatic species): “Critical habitat is vital to the survival or recovery of wildlife species. Th e 
habitat may be an identifi ed breeding site, nursery area or feeding ground. For species at risk, these habitats are of 
crucial importance”.12

Cumulative eff ects: Changes to the environment that are caused by an action in combination with other past, 
present and future human actions.8

Denitrifi cation: A process by which oxidized forms of nitrogen such as nitrate (NO3
-) are reduced to form nitrites, 

nitrogen oxides, ammonia or free nitrogen: commonly brought about by the action of denitrifying bacteria and 
usually resulting in the escape of nitrogen to the air.3

Dense non-aqueous phase liquids (DNAPLs): A group of chemicals that is insoluble and denser than water.1

Discharge (of groundwater): See groundwater discharge.

Discharge area: An area where subsurface water is discharged to the land surface, to surface water, or to the 
atmosphere.3

Dispersion: the extent to which a substance (solute, colloid) that is introduced into a groundwater system spreads 
as it moves through the system.3
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Dissimilatory (nitrate reduction): To reduce nitrates or nitrites to gaseous products such as nitrogen, nitrous 
oxide, and nitric oxide; brought about by denitrifying bacteria. 

Drainage area: Th e drainage area of a stream at a specifi ed location is that area, measured in a horizontal plane, 
that is enclosed by a drainage divide.3

Drainage system: A drain constructed by any means, including works necessary to regulate the water table.7

Ecosystem: A natural community of plants and animals within a particular physical environment that is linked by 
a fl ow of materials throughout the non-living (abiotic) as well as the living (biotic) section of the system.7

Effl  uent: Outfl ow from a particular source, such as a stream that fl ows from a lake or liquid waste that fl ows from 
a factory or sewage treatment plant.3

Effl  ux:  Outfl ow from, for example, discharge of groundwater. 

Embayment: A recess in a coastline forming a bay.

Emerging contaminants: Th ese compounds may not be “new” compounds, but advances in analytical techniques 
mean they are now being detected at frequencies or concentrations that are signifi cantly diff erent than expected 
and little or nothing is known about their environmental eff ects.  Examples of emerging contaminants are provid-
ed in Table 3.4.  By defi nition, chemicals continue to be added to the list of emerging contaminants and, therefore, 
there is no single list of emerging contaminants.1

Erosion: Th e process whereby materials of the Earth’s crust are loosened, dissolved, or worn away and simultane-
ously moved from one place to another.3

Esker: A long ridge or mound of sand, gravel and other sediment, typically having a winding course, deposited by 
a stream fl owing on, within, or beneath a stagnant or retreating glacier or ice sheet.

Eutrophication: Th e process by which water becomes enriched with plant nutrients, most commonly phosphorus 
and nitrogen.3

Evapotranspiration: Th e process by which water is discharged to the atmosphere as a result of evaporation from 
the soil and surface water bodies, and transpiration by plants.3

Exposure: Contact made between a chemical, physical or biological agent and the outer boundary of an organism.  
Exposure is quantifi ed as the amount of an agent available at the exchange boundaries of the organism (e.g., skin, 
lungs, gut).1

Flowpath: An underground route for groundwater movement, extending from a recharge (intake) zone to a 
discharge (output) zone such as a shallow stream.3

Flow-through (stream or lake): A reach of stream or a pond or lake where groundwater discharges up into the 
surface water on one side (i.e., is gaining groundwater) but surface water from the stream or lake fl ows down into 
the subsurface (e.g., aquifer) on the opposite side of the surface water body (i.e., is losing surface water).  

Fluvial: Pertaining to a river or stream.3

Freshwater: Water that contains less than 1,000 milligrams per liter (mg/L) of dissolved solids.3
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Gaining stream: A stream or reach of stream whose fl ow is being increased by infl ow of groundwater.2

Geology: Th e science of the composition, structure and history of the Earth. Geology thus includes the study of 
the material of which the Earth is made, the forces which act upon these materials and the resulting structures.7

Geomorphic change: Pertaining to changes to the form or general confi guration of the Earth or its surface 
features.3

Geomorphology: Th e scientifi c study of the origin of land, riverine and ocean features on the Earth surface.7

Glaciation: Th e covering of an area or the action on that area, by an ice sheet or by glaciers.7

Glacial deposits: Sediments that are deposited by glaciers or by glacial meltwater.  Landforms dominated by 
glacial deposits include moraines, eskers, till plains, and glacial lake plains (see also: till, glaciofl uvial deposits, 
glaciolacustrine deposits, esker, moraine). 

Glaciofl uvial deposits: Sediments deposited by glacial meltwater streams. 

Glaciolacustrine deposits: Sediments deposited by glacial meltwater lakes.

Gradient: A change in the value of a quantity (e.g., temperature or concentration) with a change in a given variable 
and especially per unit distance in a specifi ed direction.11

Great Lakes: Th e fi ve (large) lakes located in Canada and United States: Lake Ontario, Lake Superior, Lake Huron, 
Lake Erie, and Lake Michigan.

Great Lakes connecting channels: Th e large rivers that connect the Great Lakes, which include the St. Marys, 
St. Clair, Detroit, Niagara and St. Lawrence Rivers.

Groundwater: Water that fl ows or seeps downward and saturates the soil or rock, supplying springs and wells.9

Groundwater discharge: Th e fl ow of groundwater to the surface environment, where it enters water bodies or 
unsaturated soils, and sometimes is detectable as seeps or springs.

Groundwater fl ow system: a volume of the subsurface in which the groundwater fl ows in a relatively uniform 
pattern (i.e., fl ow lines are subparallel), typically from recharge area(s) to discharge area(s).  Th e fl ow system is 
considered to be shallow if all of the groundwater fl ow occurs at shallow depths.  It is referred to as a deep fl ow 
system, if most of the groundwater fl ow occurs in the deep subsurface.

Groundwater recharge: Th e replenishment of groundwater by movement of water to the water table from soils or 
surface water bodies by either (a) natural processes, such as the infi ltration of rainfall and snowmelt through soil, 
and the seepage of surface water from lakes, streams and wetlands, (b) from human interventions, such as the use 
of storm water management systems.7

Groundwater residence time: Th e length of time water spends in the groundwater portion of the water cycle.10

Habitat: Th e part of the physical environment in which a plant or animal lives.3

Hot moments: Short periods of time that exhibit disproportionately high biogeochemical activity relative to 
longer intervening time periods (cf. hot spots) (McClain et al., 2003).
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Hot spots: Localized zones in the subsurface (soil, sediment) that show disproportionately high biogeochemical 
activity relative to the surrounding area (McClain et al., 2003).

Hydraulic (properties): With respect to groundwater, the properties of a rock or sediment  that govern the 
entrance of water and the capacity to hold, transmit, and deliver water, such as porosity, eff ective porosity, specifi c 
retention, permeability, and the directions of maximum and minimum permeabilities.1

Hydraulic conductivity: Th e capacity of a rock, sediment or other material to transmit water.  It is expressed as the 
volume of water at the existing kinematic viscosity that will move in a unit time under a unit hydraulic gradient 
through a unit area measured at right angles to the direction of fl ow.3

Hydraulic fracturing: A well stimulation process used to maximize the extraction of underground resources, 
including oil, natural gas, geothermal energy, and even water.1

Hydraulic gradient: Th e change of hydraulic head per unit of distance in a given direction.3

Hydraulic head: Th e height of a free surface of a body of water above a given point beneath the surface.3

Hydrogeology: Th e study of the movement and interactions of groundwater in geological materials.

Hydrogeological: Adjective, pertaining to the hydrogeology of a system.

Hydrograph: A graph showing variation of water elevation, velocity, streamfl ow, or other properties of water with 
respect to time.3

Hydrological (properties): Pertaining to the hydrology of a system (e.g., watershed).

Hydrology: Th e science that deals with water as it occurs in the atmosphere, on the surface of the ground, and 
underground.3

Hyporheic zone: Th e saturated transition zone between surface water and groundwater bodies that derives its 
specifi c physical and biogeochemical characteristics from active mixing of surface water and groundwater to 
provide a habitat and potential refuge for obligate and facultative species.

Hyporheos:  A set of aquatic organisms that have adapted to and inhabit the hyporheic zone.  

Ichthyoplankton: Eggs, fry and larvae of fi sh. 

Infi ltration: Th e downward movement of water from the atmosphere into soil and porous rock.3

Infl ux: Infl ow to, for example, infl ux to surface water of discharging groundwater.

Information gap: Information gaps are considered to be a lack of data rather than a lack of scientifi c under-
standing, meaning it is known how the system works but there is insuffi  cient data or measurements to answer the 
questions being asked.  To resolve science needs, one oft en needs to fi ll a variety of information gaps fi rst, but at 
times the reverse is true where the information gaps exist and science does not have the techniques or ability to 
measure and collect the information that is needed.

Inorganic: Containing no carbon; matter other than plant or animal.3
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Infrastructure: Th e system of public works of a country, state or region.11

Interfl ow: Th e runoff  infi ltrating into the surface soil and moving toward streams as shallow, perched 
groundwater above the main groundwater level.

Intergranular fl owpaths:  Paths of groundwater fl ow in pore spaces between grains of sediment.  

Interstitial organisms (biota): Organisms that inhabit the spaces between grains in sediment.

Invertebrates: An animal having no backbone or spinal column.3

Impact: Oft en considered the consequence or eff ect, the impact should be measurable and based on an agreed set 
of indicators. 

Karst: A type of topography that results from dissolution and collapse of carbonate rocks such as limestone, 
dolomite, and gypsum, and that is characterized by closed depressions or sinkholes, caves, and underground 
drainage.3

Knowledge gaps: Lack of referenced materials or expertise to assess certain characteristics of the specifi c water-
shed that can be adequately described without tabular or spatial data.

Land use: A particular use of space at or near the earth surface with associated activities, substances and events 
related to the particular land-use designation.7

Leachate: A liquid that has percolated through soil containing soluble substances and that contains certain 
amounts of these substances in solution.3

Leaching: Th e removal of materials in solution from soil or rock; also refers to movement of pesticides or nutrients 
from land surfaces to groundwater.3

Local, Local-scale: Of, relating to, or characteristics of a particular place.11 

Losing stream: A stream or reach of a stream in which water fl ows from the stream bed into the ground.2

Low fl ow: Th e fl ows that exist in a stream channel in dry conditions.

Macroinvertebrate: An animal having no backbone or spinal column that is visible to the naked eye.

Macrophyte: An aquatic plant large that is visible to the naked eye.

Macropore: Any pore suffi  ciently wide to allow water to fl ow unimpeded by capillary action.

Microbial: Of, pertaining to, or characteristic of a microorganism.

Microorganism: A microscopic organism, including bacteria, viruses, and algae.

Model: An assembly of concepts in the form of mathematical equations or statistical terms that portrays a
behavior of an object, process or natural phenomenon.7

Model calibration: Th e process for generating information over the life cycle of the project that helps to determine 
whether a model and its analytical results are of a quality suffi  cient to serve as the basis of a decision.7
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Monitoring: Repeated observation, measurement, or sampling at a site, on a scheduled or event basis, for a 
particular purpose.3

Moraine: A mound, ridge, or other distinct accumulation of unsorted, unstratifi ed glacial drift , predominantly till, 
deposited chiefl y by direct action of glacial ice.3

Naturally occurring processes: Processes that occur in nature and that are not the result of human activity. For 
example, erosion along a stream that provides a source of drinking water or the leaching of naturally occurring 
metals found in bedrock into groundwater.7

Nitrifi cation: A microbial process by which reduced nitrogen compounds (primarily ammonia) are sequentially 
oxidized to nitrite and nitrate.1

Non-aqueous phase liquid (NAPL): A group of chemicals that is insoluble in water, including light and dense 
NAPLs.

Non-point source: A source (of any water-carried material) from a broad area, rather than from discrete points.3

Non-point source contaminant: A substance that pollutes or degrades water that comes from diff use sources such 
as the atmosphere, roadways and runoff .3

Nutrient: Any inorganic or organic compound needed to sustain plant life.3

Organic: Containing carbon, but possibly also containing hydrogen, oxygen, chlorine, nitrogen, and other 
elements.3

Organism: A living thing, such as a vertebrate, insect, plant or bacteria.

Overland fl ow: Th e fl ow of rainwater or snowmelt over the land surface toward stream channels.3

Oxic: A process, condition, or environment in which oxygen is involved or present.

Paleodata: Data from some former period of geologic time.

Parallel fl ow reach (zero exchange reach): A reach of stream where there is no exchange of groundwater or 
surface water across the streambed (i.e., is neither gaining groundwater nor losing surface water). Groundwater 
fl ows parallel to the stream channel and does not enter it. 

Particulate transport: Th e movement of particles in subsurface water.3

Partitioning: Th e distribution of a reactive solute between solution and other phases.

Pathogen: Any living organism that causes disease.3

Peak fl ow: Th e maximum instantaneous discharge of a stream or river at a given location. It usually occurs at or 
near the time of maximum stage.9

Percolation: Th e downward movement of water in the ground through porous soil and cracked or loosely packed 
rock.7
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Periphyton: Microorganisms that coat rocks, plants, and other surfaces on lake bottoms.3

Permeability: Th e capacity of a rock for transmitting a fl uid; a measure of the relative ease with which a porous 
medium can transmit a liquid.3

Permeable: Capable of being permeated or penetrated, especially by liquids or gases.

Physiography: Th e study or description of landforms.

Point source: Originating at any discrete source.3

Point source contaminant: Any substance that degrades water quality and originates from discrete locations such 
as discharge pipes, drainage ditches, wells, concentrated livestock operations, or fl oating craft .3

Porosity: Th e ratio, usually expressed as a percentage, of the total volume of voids of a given porous medium to the 
total volume of porous medium.

Precipitation: Any or all forms of water particles that fall from the atmosphere, such as rain, snow, hail and sleet.3

Preferential fl owpath (groundwater): Refers to the uneven and oft en rapid movement of water and solutes 
through porous media, typically soil, characterized by regions of enhanced fl ux such that a small fraction of media 
(such as wormholes, root holes, cracks) participates in most of the fl ow, allowing much faster transport of a range 
of contaminants, including pesticides, nutrients, trace metals, and pathogens.

Preferential habitat: Th e habitat chosen by an organism in preference to other habitats.

Productivity (biological): Rate of production, especially of food or solar energy by producer organisms.7

Receptor: Th e exposed target in danger of incurring a potential impact.7 

Recharge (of groundwater): See groundwater recharge. 

Redd: A spawning nest made by a fi sh, especially a salmon or trout.

Refuge: An area in which a population of organisms can persist through a period of unfavorable conditions (e.g., 
waters that are too warm in summer months). 

Regional aquifer: An aquifer that extends over large areas or a group of virtually independent aquifers that have 
so many characteristics in common the studies of a few of these aquifers can establish common principles and 
hydrogeological factors that control the occurrence, movement, and quality of groundwater throughout these 
types of aquifers.

Regional scale modeling: Modeling performed at a regional (large) scale or for a particular region.

Remediation: Actions taken to respond to a hazardous material release or threat of a release that could aff ect 
human health or the environment. For example the removal of pollution or contaminants from environmental 
media such as soil, groundwater, sediment or surface water.1

Residence time (of groundwater): See groundwater residence time.
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Restoration: Changing the existing function and structure of a habitat so that it is similar to historical conditions.

Return fl ow: Th at part of irrigation water that is not consumed by evapotranspiration and that returns to its source 
or another body of water.3  

Riparian areas (zones): Vegetated areas close to or within a water body that directly or indirectly contribute to fi sh 
habitat by providing a variety of functions such as shade, cover, and food production areas.7

Riverine: Relating to or resembling a river.7

Runoff : Water that moves over land rather than infi ltrating the ground. Runoff  is greatest aft er heavy rains or 
snowmelts, and can pick up and transport contaminants from landfi lls, farms, sewers, industry and other sources.7

Salmonid: Any of a family (Salmonidae) of elongate bony fi shes (as a salmon, trout, grayling, whitefi sh) that have 
the last three vertebrae upturned.11

Saturated zone: A subsurface zone in which all the interstices or voids are fi lled with water under pressure greater 
than that of the atmosphere.3

Scale: A graduated series or scheme of rank or order.7

Seiche: An oscillation of the surface of a landlocked body of water (as a lake) that varies in period from a few 
minutes to several hours.11

Septage: Th e liquid and solid materials pumped from a septic tank during cleaning operations.1

Shallow aquifer: An aquifer (usually unconfi ned) that is near the land surface.

Shallow fl owpaths (of groundwater): An underground route for groundwater movement that is near the land 
surface.

Science needs: Areas where there is a lack of understanding about how the system works, such as basic processes 
or relationships among components of the system.

Sediment: Particles, derived from rocks or biological materials, that have been transported by a fl uid or other 
natural process, suspended or settled in water.3

Seep: A small area where water percolates slowly to the land surface.3

Sinkhole: Any depression in the surface of the ground or lake bottom, with or without collapse of the surround-
ing soil or rock, which provides a means through which surface water can enter the ground and therefore come 
in contact with groundwater. Sinkholes oft en allow this contact to occur quite rapidly and do little to fi lter any 
contaminants the surface water may contain.7

Slope: Ground that forms a natural or artifi cial incline.

Snowpack: A seasonal accumulation of slow-melting packed snow.11

Solubility: Th e total amount of solute species that will remain indefi nitely in a solution maintained at constant 
temperature and pressure in contact with the solid crystals from which the solutes were derived.
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Solute: A substance that is dissolved in another substance, thus forming a solution.9

Sorption: All processes which remove solutes from fl uid phases and concentrate them in or on the surfaces of 
solid phases. (Th e verb form is sorb.) 

Spring: A water body formed when the side of a hill, a valley bottom or other excavation intersects a fl owing body 
of groundwater at or below the water table, below which the subsurface material is saturated with water.9

Stenothermal: Capable of surviving over only a narrow range of temperatures.

Stormwater: Rainfall that does not infi ltrate the ground or evaporate because of impervious land surfaces but 
instead fl ows onto adjacent land or watercourses or it routed into drain or sewer systems.1

Stream: A general term for a body of fl owing water; natural water course containing water at least part of the year.  
In hydrology, it is generally applied to the water fl owing in a natural channel as distinct from a canal.9

Subsurface:  Below the land surface, synonymous with underground.

Subwatershed: An area that is drained by an individual tributary into the main watercourse of a watershed.7

Surface water: Water that is on the Earth’s surface in lakes, rivers and other streams and wetlands.  As water moves 
in a cycle (water cycle), groundwater and surface water are exchanged, particularly through processes of discharge 
and recharge.

Surface runoff :  Runoff  that travels over the land surface to the nearest stream channel.3

Terrestrial: Living on or growing on land.7

Th ermal: Of, relating to, or caused by heat.11

Th ermal habitat: An ecological area that falls within the thermal tolerances of a particular species. 

Th ermal inertia: Th e degree of slowness with the temperature of a body approaches that of its surroundings 
and which is dependent upon its absorptivity, its specifi c heat, its thermal conductivity, its dimensions and other
factors.11

Th ermal limit:  Upper and lower water temperatures at which metabolic activities are restricted resulting in death.

Th ermal niche: Preferred water temperature range of organisms.

Th ermal refuge: Area typically associated with groundwater or hyporheic inputs within a stream channel, inputs 
of cooler tributary fl ows or springs, and/or smaller cool water areas associated with undercut banks or similar 
features where the presence of soils results in a substantial cooling of the water.  Such areas can provide shelter or 
protection of cool-water dependent species.

Th ermal regime: Th e characteristic behavior and pattern of temperature.7

Till: A tough, unstratifi ed clay loaded with stones originating from fi nely ground rock particles that were 
deposited by glacial activity.7
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Topography: Th e general confi guration of a land surface or any part of the Earth’s surface, including its relief and 
the position of its natural and man-made features.3

Transition zone (of groundwater and surface water exchange): Th e zone of transition from a groundwater 
dominated system to a surface water dominated system.  It includes, but is not limited to the zone where the 
groundwater and surface water mix as well as any groundwater/surface water interface that may be present.  It 
is applicable to all types of surface water bodies in contact with groundwater.  Th e transition zone is a dynamic 
and active biogeochemical zone that has the ability to alter the quality of the groundwater passing through (e.g., 
attenuate some contaminants and nutrients).

Transport (by groundwater):  Th e movement of substances (largely solutes and colloids) along groundwater 
fl owpaths.

Travel time: Can refer to either groundwater or a contaminant in groundwater.  Travel time of groundwater is an 
estimate of the time required for a unit volume of groundwater to move from one specifi c point along its fl owpath 
in the subsurface to another.  Travel time of a contaminant in groundwater is the estimated time for this contam-
inant to travel along the same fl owpath.  Th is may be longer than the groundwater travel time due to attenuation. 
Tributary: A river or stream fl owing into a large river, stream or lake.3

Uncertainty: Known gaps in data/information about, or defi ciencies in methods of assessment. It refl ects the 
degree of confi dence in the data used to understand a behavior of an object, process or natural phenomenon or to 
predict a future outcome based on scenarios.

Unconfi ned aquifer: An aquifer whose upper boundary is the water table.7

Unconsolidated: Used to describe deposits of loosely bound sediment that typically fi lls topographically low areas.
Underground storage tank: A vessel located beneath the ground surface, but not within a building, that is used to 
store fuel or chemicals.

Unsaturated fl ow: Th e movement of water in a porous medium in which the pore spaces are not fi lled to capacity 
with water.3

Unsaturated zone: A subsurface zone above the water table in which the pore spaces may contain a combination 
of air and water.3

Urban karst:  “Th e three dimensional, largely hidden, dense systems of urban water networks that include a 
potentially important network of buried headwater streams give rise to a highly connected network in which 
groundwater (slow) fl ows are interspersed with faster groundwater and surface water fl ows which resemble a karst 
hydrologic system.)”  http://besurbanlexicon.blogspot.ca/2012/07/urban-karst.html

Vadose zone: Th e zone between the land surface and the water table; unsaturated zone.

Volatile organic compounds (VOCs):  Th ese comprise a wide range of chemicals that have a high vapor pressure 
at average room temperatures and pressures.  Examples include automotive fuel and petroleum-based solvents 
(including many chlorinated solvents).  Many VOCs are dangerous to human health or cause harm to the envi-
ronment.  VOCs are numerous, varied, and ubiquitous.  VOCs are typically not acutely toxic, but instead have 
compounding long-term health eff ects.

Volatilization: To make volatile; to cause to pass off  in vapor.11
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Wastewater treatment plant:  A facility that treats to sanitary sewage.  Also known as a sewage treatment plant.7

Water budget: Th e movement of water within the water cycle can be described through a water budget or water 
balance. It is a tool that when used properly allows the user to determine the source and quantity of water fl owing 
through a system. From a groundwater perspective, the key components of a water budget are infi ltration, contri-
bution to base fl ow, deeper groundwater fl ow outside the study area and groundwater taking.7

Water cycle: Th e continuous movement of water from the oceans to the atmosphere (by evaporation), from the 
atmosphere to the land by condensation and precipitation, and from the land back to the sea (via streamfl ow).7

Watershed: Th e land area drained by a river or stream.3

Water table: Th e top of the water surface in the saturated part of an aquifer.9

Well (drinking water): An engineered device created to access subsurface water as a source of drinking water.

Well (deep): A well that was drilled and completed in a deep aquifer (usually confi ned).

Well (monitoring): Provides an access point for measuring groundwater levels and to permit the procurement of 
groundwater samples that accurately represent in-situ groundwater conditions at the specifi c point of sampling.1

Well (municipal): An engineered device designed to access subsurface water as a source of municipal drinking 
water.

Well (pumping): A well that is actively being used to extract water from the ground using a pump.

Weathering: Th e process whereby earthy or rocky materials are changed in color, texture, composition or form 
(with little or no transportation) by exposure to atmospheric agents.3

Well capture zone: Th e area in the aquifer that will contribute water to a well in a certain time period.  It is oft en 
measured in days and years. Area at the ground surface is also included if the time period chosen is longer than 
the travel time for water in the aquifer and the groundwater recharge area is incorporated.7

Wellhead: Th e top of a structure built over a well; the point at which water exits the ground.1

Wetland: Land that is seasonally or permanently covered by shallow water, as well as land where the water table 
is close to or at the surface. In either case, the presence of abundant water has caused the formation of hydric 
soils and has favored the dominance of either hydrophytic plants or water tolerant plants. Th e four major types of 
wetlands are swamps, marshes, bogs, and fens.7



87    

References
Adegbulugbe AJ, Alcamo D, Herbert  EL, Rovere L, Nakicenovic N, Pitcher H, Raskin P, Riahi K, Sankovski A, Sokolov V, et al. 2001. 

IPCC third assessment report - climate change 2001: mitigation. Cambridge: Cambridge University Press. Chapter 2, Greenhouse gas 
emission mitigation scenarios and implications.

Allen DM, Cannon AJ, Toews MW, Scibek J. 2010. Variability in simulated recharge using diff erent GCMs. Water Resour Res. 46: 1–18.
Almasri MN. 2007. Nitrate contamination of groundwater: a conceptual management framework. Environ Impact Asses. 27: 220–242.
Anderson KA, Downing JA. 2006. Dry and wet atmospheric deposition of nitrogen, phosphorus and silicon in an agricultural region. 

Water Air Soil Poll. 176: 351–374.
Anderson T, Lewis C. 2012. A new water-level history for Lake Ontario basin: evidence for a climate-driven early Holocene lowstand. J 

Paleolimnol. 47 (3): 513–530.
Anwar N, Robinson C, Barry DA. 2014. Infl uence of tides and waves on the fate of nutrients in a nearshore aquifer: numerical 

simulations. Adv Water Resour. 73: 203–213.
Aravena R, Robertson WD. 1998. Use of multiple isotope tracers to evaluate denitrifi cation in ground water: study of nitrate from a 

large-fl ux septic system plume. Ground Water 36 (6): 975–982.
Arnold JG, Moriasi DN, Gassman PW, Abbaspour KC, White MJ, Srinivasan R, Santhi C, Harmel RD, van Griensven A, Van Liew MW, 

Kannan N, Jha MK. 2012. SWAT: model use, calibration, and validation. T Am Soc Agr Biol Eng. 55 (4): 1491–1508.
Bachman J, Lindsey B, Brakebill J, Powars DS. 1998. Ground-water discharge and base-fl ow nitrate loads of nontidal streams, and their 

relation to a hydrogeomorphic classifi cation of the Chesapeake Bay watershed, Middle Atlantic Coast. Baltimore (MD): US Geological 
Survey Water-Resources Investigations Report 98–4059. 77 p.

Bäckström M, Karlsson S, Bäckman L, Folkeson L, Lind B. 2004. Mobilisation of heavy metals by deicing salts in a roadside environment. 
Water Res. 38 (3): 720–732.

Bain JG, Blowes DW, Robertson WD, Frind EO. 2000. Modelling of sulfi de oxidation with reactive transport at a mine drainage site. J 
Contam Hydrol. 41: 23–47.

Baker Engineering Inc. 1988. Investigation of disposal options for Menominee - Marinette Harbor, Michigan and Wisconsin. Contract 
No. DACW35-85-D-0014. Prepared for the U.S. Army Corps of Engineers, Detroit District.

Balderacchi M, Benoit P, Cambier P,  Eklo OM, Gargini A, Gemitzi A, Gurel M, Kløve B, Nakic Z, Predaa E, Ruzicic S, Wachniew P, 
Trevisan M. 2013. Groundwater pollution and quality monitoring approaches at the European level. Crit Rev Environ Sci Technol. 43 
(4): 323–408.

Barton, DR, Howell T, Fetsch CL. 2013. Ecosystem changes and nuisance benthic algae on the southeast shores of Lake Huron. J Great 
Lakes Res. 39: 602–611.

Baruffi   F, Cisotto A, Cimolino A, Ferri M, Monego M, Norbiato D, Cappelletto M, Bisaglia M, Pretner A, Galli A, et al. 2012. 
Climate change impact assessment on Veneto and Friuli plain groundwater: Part I: an integrated modeling approach for hazard scenario 
construction. Sci Total Environ. 440: 154–166.

Beak Consultants Ltd. 1992. Slag disposal site investigation at Algoma Steel Corporation: volumes 1 and 2. Ontario Ministry of the 
Environment report.

Beck, EC. 1979. Th e Love Canal tragedy. U.S. Environmental Protection Agency Journal. Available from http://www2.epa.gov/aboutepa/
love-canal-tragedy. 

Benner SG, Smart EW, Moore JN. 1995. Metal behavior during surface-groundwater interaction, Silver Bow Creek, Montana. Environ 
Sci Technol. 29 (7): 1789–1795.

Biddanda B, Coleman D, Johengen T, Ruberg S, Meadows G, Sumeren H, Rediske R, Kendall S. 2006. Exploration of a submerged 
sinkhole ecosystem in Lake Huron. Ecosystems. 9: 828–842. 

Bindoff  N, Stott P, AchutaRao K, Allen M, Gillett N, Gutzler D, Hansingo K, Hegerl G, Hu Y, Jain S, et al. 2013. Climate change 2013: 
the physical science basis. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex VM, editors. 
Contribution of Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: 
Cambridge University Press. Chapter 10, Detection and attribution of climate change: from global to regional. 

Blanchfi eld PJ, Ridgway MS. 1997. Reproductive timing and use of redd sites by lake-spawning brook trout (Salvelinus fontinalis). Can J 
Fish Aquat Sci. 54: 747–756.

Blasland, Bouck and Lee Inc. 1995. Ground water investigation. Techumseh Products Company, Sheboygan River and Harbor Superfund 
site report.

Bloomfi eld J, Williams R, Gooddy D, Cape J, Guha P. 2006. Impacts of climate change on the fate and behaviour of pesticides in surface 
and groundwater—a UK perspective.  Sci Total Environ. 369: 163–177.

Blowes DW, Gillham RW. 1988. Th e generation and quality of streamfl ow on inactive uranium tailings near Elliot Lake, Ontario. J Hydrol. 
97 (1): 1–22.

Bobba AG. 2007. Groundwater development and management of coastal aquifers (including island aquifers) through monitoring and 
modeling approaches. In: Th angarajan M, editor. Groundwater resource evaluation, augmentation, contamination, restoration, mod-
eling and management. Dordrecht (NL): Springer. p. 283–333.

Bobba AG,  Joshi SR. 1988. Groundwater transport of radium-226 and uranium from Port Granby waste management site to Lake 
Ontario.  Nucl Chem Waste Man. 8: 199–209.



88    

Böhlke JK, Smith RL, Miller DN. 2006. Ammonium transport and reaction in contaminated ground water: application of isotopic tracers 
and isotope fractionation studies. Water Resour Res. 42: 1–19.

Boulton AJ, Findlay S, Marmonier P, Stanley EH, Valett M. 1998. Th e functional signifi cance of the hyporheic zone in streams and rivers. 
Annu Rev Ecol Syst. 29: 59–81.

Briggs MA, Lautz LK, Hare DK. 2014. Residence time control on hot moments of net nitrate production and uptake in the hyporheic 
zone. Hydrol Process. 28 (11): 3741–3751.

Brooks G, Medioli B, Telka A. 2012. Evidence of early Holocene closed-basin conditions in the Huron-Georgian basins from within the 
North Bay outlet of the upper Great Lakes. J Paleolimnol. 47 (3): 469–492.

Brown C, Werick W, Leger W, Fay D. 2011. A decision-analytic approach to managing climate risks: application to the upper Great Lakes. 
J Am Water Res Assoc. 47 (3): 524–534. 

Brown P, DeGaetano A. 2011. A paradox of cooling winter soil surface temperatures in a warming northeastern United States. Agr Forest 
Meterol. 151: 947–956.

Burgin AJ, Hamilton SK. 2007. Have we overemphasized the role of denitrifi cation in aquatic ecosystems? A review of nitrate removal 
pathways. Front Ecol Environ. 5 (2): 89–96.

Burn DH, Mohammed S, Kan Z. 2010.  Detection of trends in hydrological extremes for Canadian watersheds. Hydrol Process. 24: 
1781–1790.

Burnett WC, Bokuniewicz, H,  Huettel M, Moore WS, Taniguchi M.  2003. Groundwater and pore water inputs to the coastal zone. 
Biogeochem. 66 (1-2): 3–33.

Caissie D. 2006. Th e thermal regime of rivers: a review. Freshwater Biol. 51: 1389–1406.
Canadian Council of Ministers of the Environment (CCME). 2007. Canadian environmental quality guidelines - update 7.1 [Internet]. 

[cited 25 Jan 2011]. Available from: http://ceqg-rcqe.ccme.ca/.
Cardenas MB. 2008. Th e eff ect of river bend morphology on fl ow and timescales of surface water–groundwater exchange across 

pointbars. J of Hydrol. 362: 134–141.
Carlyle GC, Hill AR. 2001. Groundwater phosphate dynamics in a river riparian zone: eff ects of hydrologic fl owpaths, lithology and redox 

chemistry. J Hydrol. 247: 115–168.
Carter TR, Skuce ME, Fortner L, Longstaff e  FJ. 2014. Bedrock aquifer systems in southern Ontario: geology, hydrogeology and 

hydrogeochemistry. Nuclear Waste Management Geoscience Conference, NWMO, Toronto (ON).
Cartwright I, Simmonds I. 2008. Impact of changing climate and land use on the hydrogeology of Southeast Australia. Aust J Earth Sci. 

55: 1009–1021.
Cey EE, Rudolph DL, Aravena R, Parkin G. 1999. Role of the riparian zone in controlling the distribution and fate of agricultural nitrogen 

near a small stream in southern Ontario. J of Contam Hydrol. 37: 45–67.
Chahar B, Graillot D, Gaur S. 2012. Storm-water management through infi ltration trenches. J Irrig Drain Eng. 138(3): 274–281.
Chapra SC, Dove A, Rockwell DC. 2009. Great Lakes chloride trends: long-term mass balance and loading analysis. J Great Lakes Res. 

35 (2): 272–284.
Charette MA, Sholkovitz ER. 2006. Trace element cycling in a subterranean estuary: Part 2: geochemistry of the pore water. Geochem 

Cosmochim Acta. 70: 811–826.
Cherkauer DS, Nader DC. 1989. Distribution of groundwater seepage to large surface-water bodies: the eff ect of hydraulic 

heterogeneities. J Hydrol. 109 (1–2): 151–165.
Cherkauer DS, Taylor RW. 1990. Th e spatially continuous determination of groundwater fl ow to surface water bodies: application to the 

connecting channels between Lakes Huron and Erie. J Hydrol. 114 (3–4): 349–369.
Christensen J, Kumar KK, Aldrian E, An SI, Cavalcanti I, de Castro M, Dong W, Goswami P, Hall A, Kanyanga J., et al. 2013. Climate 

change 2013: the physical science basis. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, 
Midgley PM, editors. Contribution of Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate 
Change. Cambridge: Cambridge University Press. Chapter 14, Climate phenomena and their relevance for future regional climate 
change.

Christensen TH, Kjeldsen P, Bjerg PL, Jensen DL, Christensen JB, Baun A, Albrechtsen H-J, Heron G, et al. 2001. Biogeochemistry of 
landfi ll leachate plumes.  Appl Geochem. 16 (7–8): 659–718.

Chu C, Jones NE,  Allin L. 2010. Linking the thermal regimes of streams in the Great Lakes Basin, Ontario, to landscape and climate 
variables. Riv Res and Appl. 26: 221–241.

Church PE, Vroblesky DA, Lyford FP, Willey RE. 2002. Guidance on use of passive-vapor-diff usion samplers to detect volatile 
organic compounds in ground-water discharge areas, and example applications. New England. Northborough (MA): US Geological Survey 
Water Resources Investigations Report 02-4186. 81 p. 

City of Chicago. 1997. Groundwater Ordinance [Internet]. 
 Available from: http://www.cityofchicago.org/city/en/depts/dgs/supp_info/groundwater_ordinance.html. 
City of Toronto. 2015. Mandatory downspout disconnection [Internet]. 
 Available from: http://www1.toronto.ca/wps/portal/contentonly?vgnextoid=d490ba32db7ce310VgnVCM10000071d60f89RCRD. 
Clift on C, Evans R, Hayes S, Hirji R, Puz G, Pizarro C. 2010. Water and climate change: impacts on groundwater resources and 

adaptation options. Water Partnership Program, Water Sector Board of the Sustainable Development Network of the World Bank 
Group. Tech report no. 25.

Coakley JP. 1989. Contamination hazard from waste disposal sites near receding Great Lakes shorelines. Water Pollut Res J Can. 24 (1): 



89    

81–100.
Cohen JG, Albert DA, Kost MA, Slaughter BS. 2010. Natural community abstract for coastal fen. Lansing (MI): Michigan Natural 

Features Inventory. 16 p.
Collins M, Knutti R, Arblaster J, Dufresne JL, Fichefet T, Friedlingsten P, Gao X, Gutowski W, Johns T, G. Krinner, et al. 2013. Climate 

change 2013: the physical science basis. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V,  
Midgley PM, editors. Contribution of Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate 
Change. Cambridge: Cambridge University Press. Chapter 12, Long-term climate change: projections, commitments and irreversibil-
ity. 

Conant Jr B. 2004. Delineating and quantifying ground water discharge zones using streambed temperatures. Groundwater. 42 (2): 
243–257.

Conant Jr JB. 2010. Investigation of groundwater/surface-water interactions and contaminant distribution in vicinity of a benzene 
groundwater plume discharging to East Lake Break Water– US Steel, Gary Works Site, Gary, Indiana. Chicago (IL): TechLaw Inc, 
USEPA Region V: 2010 Jul 20.

Conant Jr JB. 2012. Diff usion sampler investigation of porewater and surface water quality where a benzene groundwater plume 
discharges to West Bay of the East Lake Break Water – US Steel, Gary Works Site, Gary, Indiana. Chicago (IL): TechLaw Inc, USEPA 
Region V: 2012 Sept 28.

Conant Jr B. 2014. Groundwater discharge of chemical contaminants to wetlands, streams, lakes, and Great Lakes of the Canadian Great 
Lakes Basin. Environment Canada, Great Lakes Issue Management and Reporting Section, Toronto, (ON), 186 p. [unpublished].

Conant Jr B, Cherry JA, Gillham RW. 2004. A PCE groundwater plume discharging to a river: infl uence on the streambed and near-river 
zone on contaminant distributions. J Contam Hydrol. 73: 249-279.

Conant Jr B, Ohl TT, Cygan GL, Anderson AL. 2012a. Using multi-method, multi-scale methodology for characterizing 
groundwater/surface-water interactions to improve USEPA decision making at a RCRA corrective action contamination site. Charlotte
 (NC): Geological Society of America Annual Meeting: 2012 Nov 4-7.

Conant Jr B, Reginato PL, Vroblesky DA, Cygan GL,  Ohl TT. 2012b. Using an internal tracer to evaluate equilibrium in diff usion 
samplers for a study of a benzene groundwater plume discharging to Lake Michigan. 39th IAH Congress, Niagara Falls, Ontario, Can-
ada, 2012 Sept 16–21.

Coon WF, Sheets RA. 2006. Estimate of groundwater in storage in the Great Lakes Basin. Reston (VA): US Geological Survey Scientifi c 
Investigations Report 2006-5180, 19 p. 

Corsi SR, Graczyk DJ, Geis SW, Booth NL, Richards KD. 2010. A fresh look at road salt: aquatic toxicity and water-quality impacts on 
local, regional, and national scales. Environ Sci Technol. 44 (19): 7376–7382.

Coulibaly P, Burn D. 2005. Spatial and temporal variability of Canadian seasonal streamfl ows. J Climate. 18 (1): 191–210.
Coulibaly P, Kornelsen K. 2013. Groundwater discharge to surface water in the Great Lakes Basin. Environment Canada report no: 

03‐1312‐1762‐1.
Council of Canadian Academies. 2009. Th e sustainable management of groundwater in Canada. Report of the Expert Panel on 

Groundwater, Ottawa.
Crabbe P, Robin M. 2006. Institutional adaptation of water resource infrastructures to climate change in eastern Ontario. Climatic 

Change. 78: 103–133.
Croley TE, Luukkonen CL. 2003. Potential eff ects of climate change on ground water in Lansing, Michigan. J Am Water Resour Assoc. 

39 (1): 149–163.
Croley T, Lewis C. 2008. Warmer and drier climates that make Lake Huron into a terminal lake. Aquat Ecosyst Health Manage. 11 (2): 

153–160.
Crosbie RS, McCallum JL, Walker GR, Chiew FHS. 2010. Modelling climate change impacts on groundwater recharge in the 

Murray-Darling basin, Australia. Hydrogeol J. 18: 1639–1656.
Crowe AS, Meek GA. 2009. Groundwater conditions beneath beaches of Lake Huron, Ontario, Canada. Aquat Ecosyst Health Manage. 

12 (4): 444–455.
Cubasch U, Wuebbles D, Chen D, Facchini M, Frame D, Mahowald N, Winther JG. 2013. Climate change 2013: the physical science basis. 

In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, editors. Contribution of 
Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge Univer-
sity Press. Chapter 1, Introduction.

Curry RA, Noakes DLG. 1995. Groundwater and the selection of spawning sites by brook trout (Salvelinus fontinalis). Can J Fisheries 
Aquat Sci. 52: 1733–1740.

Custodio E. 1997. Groundwater quantity and quality changes related to land and water management around urban areas: blessings and 
misfortunes. In: Chilton J, et al., editors. Groundwater in the urban environment: volume 1: problems, processes and management. 
Rotterdam: Balkema. Nottingham (UK): Proceedings of the 27th IAH Congress on Groundwater in the Urban Environment: 1997 Sept 
21–27. p. 11–23. 

D’Amelio S, Mucha J, Mackereth R, Wilson CC. 2008. Tracking coaster brook trout to their sources: combining telemetry and genetic 
profi les to determine source populations. N Am J Fisheries Manage. 28: 1343–1349.

Dams J, Salvadore E, Daele TV, Ntegeka V, Willems P, Batelaan O. 2012. Spatiotemporal impact of climate change on the groundwater 
system. Hydrol Earth Syst Sci. 16: 1517–1531.



90    

Davidson B, Malano H, George B, Nawarathna B, Ryub D. 2011.  Using real options analysis to evaluate the impacts of climate change on 
water security.  Perth (AUS): 19th International Congress on Modelling and Simulation: 2011 Dec 12–16. 

Davis SN, Whittemore DO, Fabryka-Martin J. 1998. Uses of chloride/bromide ratios in studies of potable water. Ground Water. 36 (2): 
338–350.

Davison CC, Chan T, Brown A, Gascoyne M, Kamineri DC, Lodha GS, Melnyk TW, Nakka BW, O’Connor PA, Ophori Du, et al. 1994. 
Th e disposal of Canada’s nuclear fuel waste: the geosphere model for postclosure assessment. Pinawa (MAN): Whiteshell Laboratories. 
Tech report no: AECL-10719, COG-93-9, AECL research.

Degaetano AT. 2009. Time-dependent changes in extreme-precipitation return-period amounts in the continental United States. J Appl 
Meteorol Clim. 48: 2086–2099.

Devito KJ, Fitzgerald D, Hill AR, Aravena R. 1999. Nitrate dynamics in relation to lithology and hydrologic fl ow path in a river riparian 
zone. J Environ Qual. 29 (4): 1075–1084.

Dickman M, Rygiel G. 1998. Municipal landfi ll impacts on a natural stream located in an urban wetland in Regional Niagara, Ontario. 
Can Field Nat. 112 (4): 619−630.

Diggins TP, Snyder RJ. 2003. Th ree decades of change in the benthic macroinvertebrate community and water quality in the Buff alo River 
Area of Concern: 1964–1993. J Great Lakes Res. 29: 652–663.

Dinnes DL, Karlen DL, Jaynes DB, Kaspar TC, Hatfi eld JL, Colvin TS, Cambardella CA. 2002. Review and interpretation: Nitrogen 
management strategies to reduce nitrate leaching in tile-drained midwestern soils. Agron. J. 94: 153–171.

Dolan DM, Chapra SC. 2012. Great Lakes total phosphorus revisited: 1: loading analysis and update (1994–2008). J Great Lakes Res. 38: 
730–740.

Domagalski JL, Johnson HM. 2011. Subsurface transport of orthophosphate in fi ve agricultural watersheds, USA.  J. Hydrol. 409: 157–171.
Domagalski JL, Johnson HM. 2012. Phosphorus and groundwater: establishing links between agricultural use and transport to streams. 

Sacramento (CA): US Geological Survey Fact Sheet 2012-3004.
Dripps WR, Bradbury KR. 2010.Th e spatial and temporal variability of groundwater recharge in a forested basin in northern Wisconsin. 

Hydrol Process. 24: 383–392.
Dubrovsky N, Burrow K, Clark G, Gronberg J, Hamilton P, Hitt K., et al. 2010. Th e quality of our Nation’s waters—Nutrients in the 

Nation’s streams and groundwater, 1992–2004. Reston (VA): US Geological Survey Circluar 1350.
Dubrovsky NM, Morin KA, Cherry JA, Smyth DJA. 1984. Uranium tailings acidifi cation and subsurface contaminant migration in a sand 

aquifer. Water Pollut Res J Can. 19 (2): 55–89.
Earman S, Dettinger M. 2011. Potential impacts of climate change on groundwater resources: a global review. J  Water and Climate 

Change. 2 (4): 213–229.
Earthfx Incorporated.  2014.  Tier 3 Water Budget and Local Area Risk Assessment for the Region of York Municipal Systems, Risk As-

sessment Report.  Prepared for the Regional Municipality of York, December 2014.  954 p.
Eberts SM, Erwin ML, Hamilton PA. 2005. Assessing the vulnerability of public-supply wells to contamination from urban, agricultural, 

and natural sources. US Geological Survey Fact Sheet 2005–3022. 4 p.
Eberts SM, Th omas MA, Jagucki ML. 2013. Th e quality of our Nation’s waters—factors aff ecting public-supply-well vulnerability to 

contamination—understanding observed water quality and anticipating future water quality. Reston (VA): US Geological Survey 
Circular 1385. 120 p. 

Ehsanzadeh E, Saley H, Ouarda T, Burnc D, Pietroniro A, Seidou O, Charron C, Lee D. 2013. Analysis of changes in the Great Lakes 
hydro-climatic variables. J of Great Lakes Res. 39: 383–394.

Eiswirth M. 2002. Hydrogeological factors for sustainable urban water systems. In: Howard KWF, Israfi lov R, editors. Current problems 
of hydrogeology in urban areas, urban agglomerates and industrial centres. NATO Science Series 4th Earth and Environmental Sci-
ences 8: 159–184.

Environment Agency. 2009. Th e hyporheic handbook: a handbook on the groundwater–surface water interface and hyporheic zone for 
environment managers. Bristol (UK). Environment Agency Integrated Catchment Science Programme. Science report SC050070. 264 
p.

Environment Canada. 2001. Th reats to sources of drinking water and aquatic ecosystem health in Canada. Burlington (ON): National 
Water Research Institute. NWRI scientifi c assessment report series no: 1. 72 p.

Environment Canada. 2013a. Canada-US Great Lakes Water Quality Agreement overview [Internet]. 
Available from https://www.ec.gc.ca/grandslacs-greatlakes/default.asp?lang=En&n=E615A766-1.
Environment Canada. 2013b. Th e 2012 Great Lakes Water Quality Agreement [Internet].  
Available from: https://www.ec.gc.ca/grandslacs-greatlakes/default.asp?lang=En&n=A1C62826-1. 
Environment Canada. 2014. Guidance document on federal interim groundwater quality guidelines for federal contaminated sites 

[Internet]. Government of Canada. [Updated 2014 Mar]. 
Available from: http://ec.gc.ca/Publications/default.asp?lang=En&xml=423951F2-3B17-4348-A71C-62A7DB96D1D6. 
Environment Canada and Health Canada. 2001. Priority substances list assessment report – road salts. Ottawa (ON): Minister of Public 

Works and Government Services. 170 p.
Environment Canada and US Environmental Protection Agency. 2009. State of the Great Lakes. 437 p. 
Available from: http://binational.net/wp-content/uploads/2014/11/En161-3-1-2009E.pdf.
Eyles N, Boyce JI. 1992. Th e geology of garbage in southern Ontario. Geoscience Canada. 19 (2): 50–62.



91    

Eyles N, Howard KWF. 1988. Urban landsliding caused by heavy rain: geochemical identifi cation of recharge waters along Scarborough 
Bluff s, Toronto, Ontario. Can Geotech J.  25: 455–466.

Eyles N, Meriano M. 2010. Road-impacted sediment and water in a Lake Ontario watershed and lagoon, City of Pickering, Ontario, 
Canada: an example of urban basin analysis. Sediment Geol.  224: 15–28.

Feinstein DT, Hunt RJ, Reeves HW. 2010. Regional groundwater-fl ow model of the Lake Michigan Basin in support of Great Lakes Basin 
water availability and use studies. Reston (VA): US Geological Survey Scientifi c Investigations Report 2010–5109. 379 p.

Fenelon JM, Watson LR. 1993. Geohydrology and water quality of the Calumet aquifer, in the vicinity of the Grand Calumet River/
Indiana Harbor Canal, northwestern Indiana. Indianapolis (IN): US Geological Survey Water-Resources Investigations Report 92-4115. 
151 p.

Field C, Mortsch L, Brklacich M, Forbes M, Kovacs P, Patz J, Running S, Scott M. 2007. Climate change 2007: impacts, adaptation and 
vulnerability. In: Parry ML, Canziani OF, Palutikof JP, Van der Linden PJ, Hanson CE, editors. Contributions of Working Group II to 
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press. Chapter 
14, North America. p. 617–652.

Fischer H, Kloep F, Wilzcek S, Pusch MT. 2005. A river’s liver - microbial processes within the hyporheic zone of a large lowland river. 
Biogeochemistry. 76 (2): 349–371.

Fisheries and Oceans Canada, 2008.  Th e Fish Habitat Primer.  A Guide to Understanding Freshwater Fish Habitat in Ontario.  Publica-
tion DFO/2008-1425.  Burlington, ON, Canada.  27 p.

Foster SSD. 1990. Impacts of urbanisation on groundwater. International Association of Hydrological Sciences (IAHS) Publ. no. 198: 
187–207.

Francis, G. 1989. Binational cooperation for Great Lakes water quality: a framework for the groundwater connection. Chicago-Kent Law 
Review. 65 (2): 359–373.

Freeze RA, Cherry JA. 1979. Groundwater. Englewood Cliff s (NJ): Prentice Hall. 604 p.
Galloway G, Pentland R. 2005. Securing the future of ground water resources in the Great Lakes Basin. Ground Water. 43 (5): 737–743.
Gao C, Shirota J, Kelly RI, Brunton FR, Van Haaft en S. 2006. Bedrock topography and overburden thickness mapping. Southern Ontario: 

Ontario Geological Survey. Miscellaneous release: data 207.
García LE, Matthews JH, Rodriguez DJ, Wijnen M, DiFrancesco KN, Ray P. 2014. Beyond downscaling: a bottom-up approach to climate 

adaptation for water resources management. Washington (DC): World Bank Group. AGWA Report 01.
Garcia-Fresca B. 2004. Urban eff ects on groundwater recharge in Austin, Texas [dissertation]. [Austin (TX)]: University of Texas.
Garcia-Fresca B. 2006. Urban-induced groundwater recharge: review and case study of Austin, Texas, USA. In: Howard KWF, editor. Ur-

ban groundwater—meeting the challenge. London (UK): Taylor and Francis. International Association of Hydrologeologists. Selected 
Papers 8: 1–17.

Garcia-Fresca B, Sharp JM. 2005. Hydrogeologic considerations of urban development—urban-induced recharge. In: Ehlen J, Haneberg 
WC, Larson RA, editors. Humans as geologic agents. Boulder (CO): Geological Society of America, Reviews in Engineering Geology. 
p. 123–136.

Gerber RE, Howard K. 2002. Hydrogeology of the Oak Ridges Moraine aquifer system: implications for protection and management 
from the Duffi  ns Creek watershed. Can J Earth Sci. 39 (9): 1333–13348.

Gillespie JL, Dumouchelle DH. 1989. Ground-water fl ow and quality near the upper Great Lakes connecting channels, Michigan. Lansing 
(MI): US Geological Survey Water-Resources Investigations Report 88-4232. 82 p.

Goderniaux P, Brouyère H, Fowler J, Blenkinsop S, Th errien R, Orban P, Dassargues A. 2009. Large scale surface subsurface hydrological 
model to assess climate change impacts on groundwater reserves.  J of Hydrol. 373: 122–138.

Gold AJ, Groffi  nan PM, Addy K, Kellogg, DQ, Stolt, MH, Rosenblatt, AE, et al. 2001. Landscape attributes as controls on groundwater 
nitrate removal capacity of riparian zones. J. Am Water Resour Assoc. 37 (6): 1457–1464.

Gorman OT, Moore SA, Carlson AJ, Quinlan HR. 2008. Nearshore habitat and fi sh community associations of coaster brook trout in Isle 
Royale, Lake Superior. T Am Fisheries Soc. 137: 1252–1267.

Goss MJ, Barry DAJ, Rudolph DL. 1998. Contamination in Ontario farmstead domestic wells and its association with agriculture: 1. 
Results from drinking water wells. J Contam Hydrol. 32 (3–4): 267–293.

Gradient Corporation and Geo-Trans Corporation. 1988. Potential contaminant loadings to the Niagara River from U.S. hazardous waste 
sites. US Environmental Protection Agency, region II report. 58 p.

Grannemann NG, Weaver TL. 1998. An annotated bibliography of selected references on the estimated rates of direct ground-water 
discharge to the Great Lakes. Lansing (MI): US Geological Survey Water-Resources Investigations Report 98-4039. 24 p.

Grannemann NG, Hunt RJ, Nicholas JR, Reilly TE, Winter TC. 2000. Th e importance of ground water in the Great Lakes Region. Lansing 
(MI): US Geological Survey Water-Resources Investigations Report 00-4008. 19 p.

Great Lakes Commission. 2003. Toward a water resources management decision support system for the Great Lakes St.Lawrence 
River basin–status of data and information on water resources, water use, and related ecological impacts. Ann Arbor (MI): Great Lakes 
Commission. 142 p.

Great Lakes Science Advisory Board to the International Joint Commission (IJC). 2010. Groundwater in the Great Lakes Basin, 2010. 
Windsor (ON): IJC. 155 p. Available from: http://www.ijc.org/fi les/publications/E43.pdf.

Greeman TK. 1995. Water levels in the Calumet aquifer and their relation to surface-water levels in northern Lake County, Indiana, 
1985–92. Indianapolis (IN): US Geological Survey Water-Resources Investigations Report 94-4110. 61 p.



92    

Green TR, Taniguchi M, Kooi H. 2007. Potential impacts of climate change and human activity on subsurface water resources. Vadose 
Zone J. 6: 531–532. 

Green TR, Taniguchi M, Kooi H, Gurdak JJ,  Allen DM, Hiscock KM, Treidel H, Aureli A. 2011. Beneath the surface of global change: 
impacts of climate change on groundwater. J Hydrol. 406: 532–560.

Greenberg MS, Burton JGA, Rowland CD. 2002. Optimizing interpretation of in situ eff ects of riverine pollutants: impact of upwelling 
and downwelling. Environ Toxicol Chem. 21 (2): 289–297.

Gronewold AD, Stow CA. 2014. Unprecedented seasonal water level dynamics on one of the Earth’s largest lakes. Bull Amer Meteor Soc. 
95: 15–17.

Gronewold AD, Fortin V, Lofgren B, Clites A, Stow CA, Quinn F. 2013. Coasts, water levels, and climate change: a Great Lakes 
perspective. Climatic Change. 120: 697–711.

Groschen GE, Arnold TL, Harris MA, Dupre DH, Fitzpatrick FA, Scudder BC, Morrow JW, Terrio PJ, Watner KL, Murphy  EA. 2004. 
Water quality in the Upper Illinois River Basin, Illinois, Indiana, and Wisconsin, 1999–2001. Reston (VA): US Geological Survey Cir-
cular 1230. 32 p.

Ground Water Protection Council. 2007. Ground water report to the Nation: a call to action.  
 Available at: http://www.gwpc.org/ground-water-report-nation.
Groves DG, Fischbach OR, Bloom E, Knopman D, Keefe R. 2013.  Adapting to a changing Colorado River: making future water deliveries 

more reliable through robust management strategies. Prepared for US Bureau of Reclamation. Santa Monica (CA): RAND Corpora-
tion. Available from: http://www.rand.org/pubs/research_reports/RR242.html. 

Gu C, Hornberger GM, Herman JS, Mills AL. 2008. Infl uence of stream-groundwater interactions in the streambed sediments on 
NO3- fl ux to a low-relief coastal stream. Water Resour Res. 44 (11): W11432.

Guillemette F, Vallée C, Bertolo A, Magnan P. 2011. Th e evolution of redd site selection in brook charr in diff erent environments: same 
cue, same benefi t for fi tness. Freshwater Biol. 56 (6): 1017-1029.

Gula J, Peltier WR. 2012. Dynamical downscaling over the Great Lakes Basin of North America using the WRF regional climate model: 
the impact of the Great Lakes system on regional greenhouse warming. J Climate. 25 (21): 7723–7742. 

Gulden LE, Rosero E, Yang Z-L, Rodell M, Jackson CS, Niu G-Y, Yeh, PJ-F, Famiglietti J. 2007.  Improving land-surface model hydrology: 
Is an explicit aquifer model better than a deeper soil profi le? Geophys Res Lett. 34 (9): L09402.

Haack SK, Neff  BP, Rosenberry DO, Savino JF, Lundstrom SC. 2005. An evaluation of eff ects of groundwater exchange on nearshore 
habitats and water quality of Western Lake Erie. J of Great Lakes Res. 31 (S1): 45–63.

Haefeli CJ. 1972. Groundwater infl ow into Lake Ontario from the Canadian side. Department of the Environment. Inland Waters Branch, 
Scientifi c Series no. 9. 101 p.

Hallegate S, Shah A, Lempert R, Brown C, Gill S. 2012. Investment decision making under deep uncertainty - application to climate 
change. Policy Research Working Paper 6193, Sustainable Development Network, Offi  ce of the Chief Economist, Th e World Bank.

Hansen NC, Daniel TC, Sharpley AN,  Lemunyon JL. 2002. Th e fate and transport of phosphorus in agricultural systems. J. Soil Water 
Conserv. 57 (6): 408-417.

Harvey JW, Böhlke JK,  Voytek MA, Scott D, Tobias CR. 2013. Hyporheic zone denitrifi cation: controls on eff ective reaction depth and 
contribution to whole-stream mass balance. Water Resour Res. 49 (10): 6298-6316.

Harvey FE, Lee DR, Rudolph DL, Frape SK. 1997a. Locating groundwater discharge in large lakes using bottom sediment electrical 
conductivity mapping. Water Resour Res. 33 (11): 2609–2615.

Harvey FE, Rudolph DL, Frape SK. 1997b. Measurement of hydraulic properties in deep lake sediments using a tethered pore-pressure 
probe: application in the Hamilton Harbour, western Lake Ontario. Water Resour Res. 33 (8): 1917–1928.

Harvey FE, Rudolph DL, Frape SK. 2000. Estimating ground water fl ux into large lakes: application in the Hamilton Harbor, western Lake 
Ontario. Ground Water. 38 (4): 550-565.

Hayashi M, van der Kamp G. 2009. Progress in scientifi c studies of groundwater in the hydrologic cycle in Canada - 2003-2007. 
Can Water Resour J. 34 (2): 177–186.

Hayhoe K, VanDorn J, Croley T, Schlega N, Wuebbles D. 2010. Regional climate change projections for Chicago and the US Great Lakes. 
J Great Lakes Res. 36: 7–21.

Heathcote JA, Crompton DM. 1997. Managing the impact of urban groundwater rise. In: Chilton J, et al., editors. Groundwater in the 
urban environment: volume 1: problems, processes and management. Rotterdam: Balkema. Nottingham (UK): Proceedings of the 27th 
IAH Congress on Groundwater in the Urban Environment: 1997 September 21-27. p. 597–603.

Hibbs BJ, Sharp JM. 2012. Hydrogeological impacts of urbanization. Environ Eng Geosci. 18 (1): 3–24
Hill AR. 1996. Nitrate removal in stream riparian zones.  J Environ Qual. 25: 743–755.
Hill AR, Lymburner DJ. 1998. Hyporheic zone chemistry and stream-subsurface exchange in two groundwater-fed streams. Can J 

Fisheries Aquat Sci. 55 (2): 495–506.
Hoaglund III JR, Kolak JJ, Long DT, Larson GJ. 2004. Analysis of modern and Pleistocene hydrologic exchange between Saginaw Bay 

(Lake Huron) and the Saginaw Lowlands area. Bull Geol Soc Am. 116 (1–2): 3–15.
Hodge RA. 1989. Groundwater in the Great Lakes Basin: the natural system, use and abuse, and policy implications. Chicago-Kent Law 

Review, 65 (2): Symposium on Prevention of Ground Water Contamination in the Great Lakes Region. 
 Available from: http://scholarship.kentlaw.iit.edu/cklawreview/vol65/iss2/7. 
Hodgkins GA, Dudley RW, Aichele SS. 2007. Historical changes in precipitation and streamfl ow in the U.S. Great Lakes Basin, 

1915–2004. Reston (VA): US Geological Survey Scientifi c Investigations Report 2007–5118. 31 p.



93    

Hoff mann CC, Kjaergaard C, Uusi-Kämppä J, Hansen HC, Kronvang B. 2009. Phosphorus retention in riparian buff ers: review of their 
effi  ciency. J Environ Qual. 38 (5): 1942–1955.

Holman IP, Allen DM, Cuthbert MO, Goderniaux P. 2012. Towards best practice for assessing the impacts of climate change on 
groundwater. Hydrogeol J. 20: 1–4.

Holman IP, Tascone D, Hess TM. 2009. A comparison of stochastic and deterministic downscaling methods for modelling potential 
groundwater recharge under climate change in East Anglia, UK: implications for groundwater resource management. Hydrogeol J. 
17:  629–1641.

Holman IP, Whelan MJ, Howden NJK, Bellamy PH, Willby NJ, Rivas-Casado M, McConvey MP. 2008. Phosphorus in groundwater—
an overlooked contributor to eutrophication? Hydrol Process. 22 (26): 5121–5127.

Holtschlag DJ, Nicholas JR. 1998. Indirect ground-water discharge to the Great Lakes. Lansing (MI): US Geological Survey Open-File 
Report 98-579. 25 p.

Holysh SH, Gerber RE. 2014. Groundwater knowledge management for southern Ontario: An example from the Oak Ridges Moraine.  
Can Water Res J. 39 (2): 240-253.

Hornef H. 1985. Leaky sewers - problems and responsibilities. Korrespondenz Abwasser. 32 (10): 816–818.
Howard KWF. 1997. Impacts of urban development on groundwater. In: Eyles N, editor. Environmental geology of urban areas. Special 

publication of the Geological Association of Canada. Geotext. 3: 93–104.
Howard KWF. 2002. Urban groundwater issues - an introduction. In: Howard KWF, Israfi lov R, editors. Current problems of hydroge-

ology in urban areas, urban agglomerates and industrial centres. NATO Science Series IV Earth and Environmental Sciences 8: 1–15.
Howard KWF. 2007. Urban Groundwater – meeting the challenge.  London (UK): Taylor & Francis: IAH Selected Papers on 

Hydrogeology 8. 307 p.
Howard KWF. 2012. Th ematic Paper 3: urban-rural tensions and opportunities for co-management. Groundwater Governance: a global 

framework for country action. Global Environmental Facility (GEF) Project. 39 p. Available from: http://www.groundwatergover-
nance.org/fi leadmin/user_upload/groundwatergovernance/docs/Th ematic_papers/GWG_Th ematic_Paper_3_web.pdf.

Howard KWF, Beck PJ. 1993. Hydrogeochemical implications of groundwater contamination by road de-icing chemicals. J Contam 
Hydrol. 12 (3): 245–268.

Howard KWF, Haynes J. 1993. Groundwater contamination due to road de-icing chemicals – salt balance implications. Geosci Can. 20 
(1): 1–8.

Howard KWF, Livingstone SJ. 1997. Contaminant source audits and ground-water quality assessment. In: Eyles N, editor. Environmental 
geology of urban areas. Special publication of the Geological Association of Canada. Geotext. 3: 105–118. 

Howard KWF, Livingstone SJ, 2000. Transport of urban contaminants into Lake Ontario via sub-surface fl ow. Urban Water. 2: 183–195.
Howard KWF, Maier H. 2007. Road de-icing salt as a potential constraint on urban growth in the Greater Toronto Area, Canada. 

J Contam Hydrol. 91: 146–170.
Huang J, Halpenny J, van der Wal W, Klatt C, James TS, Rivera A. 2012. Detectability of groundwater storage change within the Great 

Lakes Water Basin using GRACE. J Geophysl Res. 117 (B08401): 1–26.
Huckins CJ, Baker EA, Fausch KD, Leonard JBK. 2008. Ecology and life history of coaster brook trout and potential bottlenecks in their 

rehabilitation. N Am J Fish Manage. 28: 1321–1342.
Hunt RJ, Strand M, Walker JF. 2006. Measuring groundwater-surface water interaction and its eff ect on wetland stream benthic 

productivity, Trout Lake watershed, northern Wisconsin, USA. J Hydrol. 320: 370-384. 
Hunt RJ, Borchardt MA, Richards KD, Spencer SK. 2010. Assessment of sewer source contamination of drinking water wells using tracers 

and human enteric viruses. Environ Sci Technol. 44 (20): 7956–7963. 
Huntington JL, Niswonger RG. 2012. Role of surface-water and groundwater interactions on projected summertime streamfl ow in snow 

dominated regions: an integrated modeling approach. Water Resour Res. 48: 1–20.
Illinois Department of Natural Resources. 2015. Lake Michigan water allocation [Internet]. Available from: http://www.dnr.illinois.gov/

WaterResources/Pages/LakeMichiganWaterAllocation.aspx. 
Insaf T, Lin S, Sheridan SC. 2013. Climate trends in indices for temperature and precipitation across New York State - 1948- 2008. Air 

Qual Atmos Health. 6: 247–257.
Intera Technologies Ltd. 1992. Hydrogeologic study of the freshwater aquifer and deep geologic formations, Sarnia, Ontario. Prepared 

for Detroit, St. Clair, St. Mary’s Rivers Southwestern Region and Ontario Ministry of the Environment. Queen’s Printer for Ontario: 
1992 Mar.

International Joint Commission (IJC). 2009. Nearshore framework advisory workgroup to the International Joint Commission. Great 
Lakes Water Quality Agreement Priorities 2007-09 Series. Workgroup Report on the Nearshore Framework, 2009. Windsor (ON):  IJC. 
Special publication 2009-10. 15 p.

International Joint Commission (IJC). 2010. Groundwater in the Great Lakes Basin: a report of the Great Lakes Science Advisory Board 
to the International Joint Commission. Windsor (ON). 162 p.

International Joint Commission (IJC). 2011. 15th biennial report on Great Lakes Water Quality. Canada and the United States. 59 p. 
Available from: http://www.ijc.org/rel/boards/watershed/15biennial_report_web-fi nal.pdf. 

International Joint Commission (IJC). 2013. Technical report on ecosystem indicators. A Work Group Report to the International Joint 
Commission.  Assessment of Progress Towards Restoring the Great Lakes.  Great Lakes Water Quality Agreement, 2012-2015 Priority 
Cycle: 2013 Jul. Available from: http://ijc.org/fi les/publications/Technical%20Report_Eco%20Indicators_2013.pdf



94    

International Upper Great Lakes Study Board. 2012.  Lake Superior regulation: addressing uncertainty in upper Great Lakes water 
levels.  Final Report to the International Joint Commission. 2012 Mar. 215 p. 

 Available from: http://www.ijc.org/iuglsreport/wp-content/report-pdfs/Lake_Superior_Regulation_Full_Report.pdf.
IPCC. 2013a. Annex I: atlas of global and regional climate projections supplementary material RCP4.5 [Internet]. In: Van Oldenborgh 

GJ, Collins M, Arblaster J, Christensen JH, Marotzke J, Power SB, Rummukainen M, Zhou T, editors. In: Stocker TF, Qin D, Plattner 
GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, editors. Climate change 2013: the physical science basis. 
Contribution of Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
(UK): Cambridge University Press: Available from: http://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_AnnexI_FINAL.
pdf. 

IPCC (2013b), Annex I: atlas of global and regional climate projections. In Van Oldenborgh GJ, Collins M, Arblaster J, Christensen JH, 
Marotzke J, Power SB, Rummukainen M, Zhou T, editors. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels 
A, Xia Y, Bex V, Midgley PM, editors. Climate change 2013: the physical science basis. Contribution of Working Group I to the Fift h 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press.

Isard SA, Schaetzl RJ, Andresen JA. 2007. Soils cool as climate warms in the Great Lakes Region: 1951-2000. Ann Assoc Am Geogr. 
97 (3): 467–476. 

Jackson RB, Jobbágy EG. 2005. From icy roads to salty streams. P Natl Acad Sci. 102 (41): 14487–14488. 
Jackson C, Meister R, Prudhomme C. 2011. Modelling the eff ects of climate change and its uncertainty on UK chalk groundwater 

resources from an ensemble of global climate model projections. J Hydrol. 399: 12–28. 
Jagucki ML, Darner RA. 2001. Ground-water quality in Geauga County, Ohio—review of previous studies, status in 1999, and 

comparison of 1986 and 1999 data: US Geological Survey Water-Resources Investigations Report 01–4160. 61 p.
Jang S, Kavvas ML. 2015.  Downscaling global climate simulation to regional scales:  statistical downscaling versus dynamical 

downscaling. J Hydrol Eng. 20 (1).
Jarvie HP, Sharpley AN, Spears B, Buda, AR, May L, Kleinman PJA. 2013. Water quality remediation faces unprecedented challenges from 

“legacy phosphorus.” Environ Sci Technol. 47 (16): 8997−8998.
Jeuland M, Whittington P. 2013. Water resources planning under climate change:  a “real options” application to investment planning in 

the Blue Nile. Environment for Development.  Discussion Paper Series. EFP DP 13-05. Mar 2013.
Johannes RE. 1980. Th e ecological signifi cance of the submarine discharge of groundwater. Mar Ecol Prog Ser. 3: 365−373.
Johnston CT, Cook PG, Frape SK, Plummer LN, Busenberg E, Blackport RJ. 1998.  Ground water age and nitrate distribution within a 

glacial aquifer beneath a thick unsaturated zone.  Ground Water 36 (1): 171-180
Jones  JG Jr, Mulholland PJ. 2000. Streams and ground waters. San Diego (CA): Academic Press. 425 p.
Jyrkama MI, Sykes JF. 2007. Th e impact of climate change on spatially varying groundwater recharge in the Grand River watershed 

(Ontario). J Hydrol. 338: 237–250.
Jyrkama M, Sykes J, Normani S. 2002. Recharge estimation for transient groundwater modeling. Ground Water J. 40 (6): 638–648.
Kasahara T, Hill AR. 2007. Instream restoration: its eff ects on lateral stream-subsurface water exchange in urban and agricultural streams 

in southern Ontario. River Res Appl. 23 (8): 801–814.
Katz BG, Eberts SM, Kauff man LJ. 2011. Using Cl/Br ratios and other indicators to assess potential impacts on groundwater quality from 

septic systems: a review and examples from principal aquifers in the United States. J Hydrol. 397: 151–166.
Kaufman MM, Rogers DT, Murray KS. 2009. Using soil and contaminant properties to assess the potential for groundwater 

contamination to the lower Great Lakes, USA. Environl Geol.  56: 1009–1021.
Keough J, Th ompson T, Guntenspergen G, Wilcox D. 1999. Hydrogeomorphic factors and ecosystem responses in coastal wetlands of the 

Great Lakes. Wetlands. 19: 821–834.
Kirtman B, Power S, Adedoyin J, Boer G, Bojariu R, Camilloni I, Doblas-Reyes F, Fiore A, Kimoto M, Meehl G, et al. 2013. Climate change 

2013: the physical science basis. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley 
PM, editors. Contribution of Working Group I to the Fift h Assessment Report of the Intergovernmental Panel on Climate Change. 
Chapter 11, Near-term climate change: projections and predictability. 

Kjeldsen P, Barlaz MA, Rooker AP, Baun A, Ledin A,  Christensen TH. 2002. Present and long-term composition of MSW landfi ll 
leachate: a review. Crit Rev Env Sci Tec. 32(4): 297–336.

Kolak JJ, Long DT, Matty JM, Larson GJ, Sibley DF, Councell TB. 1999. Ground-water, large-lake interactions in Saginaw Bay, Lake 
Huron: a geochemical and isotopic approach. Bull Geol Soc Am. 111 (2): 177–188.

Kornelsen  KC, Coulibaly P. 2014. Synthesis review on groundwater discharge to surface water in the Great Lakes Basin. J Great Lakes 
Res. 40: 247–256.

Kraus D, White G. 2009. Coastal terrestrial ecosystems. In: Nearshore areas of the Great Lakes, 2009. Environment Canada and 
US Environmental Protection Agency. State if the Lakes Ecosystem Conference 2008. p. 13–39.

Kroeger KD, Charette MA. 2008. Nitrogen biogeochemistry of submarine groundwater discharge. Limnol Oceanogr. 53 (3): 1025–1039.
Krysanova V, Hattermann F, Habeck A. 2005. Expected changes in water resources availability and water quality with respect to climate 

change in the Elbe River basin (Germany). Nord Hydrol. 36 (4-5), 321–333.
Kudray GM, Gale MR. 1997. Relationships between groundwater characteristics, vegetation, and peatland type in the Hiawatha National 

Forest, Michigan. In: Trettin CC, Jurgensen MF, Grigal DF, et al., editors. Boca Raton (FL): CRC Press Inc. Conference papers pre-
sented at the International Symposium on the Ecology and Management of Northern Forested Wetland Location. Traverse City (MI), 
Cochrane (ON). August 24–31. 1994. Northern forested wetlands: ecology and management. p. 89–96.



95    

Kundzewicz ZW, Döll P. 2009. Will groundwater ease freshwater stress under climate change? J Hydrol Sci. 54 (4): 665–675. 
Kundzewicz ZW, Mata L, Arnell N, Döll P, Kabat P, Jiménez B, Miller K, Oki T, Sen Z, Shiklomanov, I. 2007. Climate change 2007: 

impacts, adaptation and vulnerability. In: Parry ML, Canziani OF, Palutikof JP, Van der Linden PJ, Hanson CE, editors. Contribution 
of Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge 
University Press. Chapter 3, Freshwater resources and their management. p. 173–210.

Kurylyk BL, MacQuarrie KT. 2013. Th e uncertainty associated with estimating future groundwater recharge: a summary of recent 
research and an example from a small unconfi ned aquifer in a northern humid-continental climate. J Hydrol. 492: 244–253.

Kurylyk, BL, MacQuarrie, KTB., Caissie, D., and McKenzie, JM. 2015.  Shallow groundwater thermal sensitivity to climate change and 
land cover disturbances: derivation of analytical expressions and implications for stream temperature modeling. Hydrol. Earth Syst. 
Sci. 19: 2469–2489.

Larkin RG, Sharp Jr JM. 1992. On the relationship between river-basin geomorphology, aquifer hydraulics, and ground-water fl ow 
direction in alluvial aquifers. Geol Soc Am Bull. 104: 1608–1620.

Lane JA, Portt PB, Minns CK. 1996. Spawning habitat characteristics of Great Lakes fi shes. Can MS Rep Fish Aquat Sci. 2368: 48 p.
Ledford SH, Lautz LK. 2014. Floodplain connection buff ers seasonal changes in urban stream water quality. Hydrol Process. 

29 (6): 1002–1016.
Lee DR. 1977. A device for measuring seepage fl ux in lakes and estuaries. Limnol Oceanogr. 22 (1): 140–147.
Lee J, Robinson C, Couture RM. 2014. Eff ect of groundwater-lake interactions on arsenic enrichment in freshwater beach aquifers. 

Environ Sci Technol. 48 (17): 10174–10181.
Lemieux  JM, Sudicky EA, Peltier WR, Tarasov L. 2008. Simulating the impact of glaciations on continental groundwater fl ow systems: 

1. Relevant processes and model formulation. J Geophys Res. 113: F03017.
Lefebvre A, Eilers W, Chunn B. 2005. Environmental sustainability of Canadian agriculture. Ottawa (ON): Agriculture and Agri-Food 

Canada. Agri-Environmental Indicator Report Series - Report #2,.220 p.
Lendvay JM, Sauck WA, McCormick ML, Barcelona MJ, Kampbell DH, Wilson JT, Adriaens P. 1998a. Geophysical characterization, 

redox zonation, and contaminant distribution at a groundwater/surface water interface. Water Resour Res. 34 (12): 3545–3559.
Lendvay JM, Dean SM, Adriaens P. 1998b. Temporal and spatial trends in biogeochemical conditions at a groundwater-surface water 

interface: implications for natural bioattenuation. Environ Sci Technol. 32 (22): 3472–3478.
Lenters  JD. 2004. Trends in the lake superior water budget since 1948: a weakening seasonal cycle. J Great Lakes Res. 30 (S1): 20–40.
Lerner DN. 1990. Recharge due to urbanization. In Lerner DN, Issar AS, Simmers I, editors. Groundwater recharge: a guide to 

understanding and estimating natural recharge. Hannover: Verlag Heinz Heise. International Contributions to Hydrology 8: 201–214.
Lerner DN. 2002. Identifying and quantifying urban recharge: a review. Hydrogeol J. 10: 143–152.
Lerner DN. 2003. Urban groundwater pollution: IAH International Contributions to Hydrogeology. London (UK): Taylor and Francis. 

296 p. 
Li J. 2015. A holistic approach to stormwater management [Internet]. Ryerson University; [cited 2015 Feb]. 
 Available from: http://www.civil.ryerson.ca/Stormwater/index.htm.
Loaiciga H. 2003. Climate change and groundwater. Ann Assoc Am Geogr. 93 (1): 30–41.
Lofgren BM, Gronewold AD, Acciaioli A, Steiner A, Watkins D. 2013. Methodological approaches to projecting the hydrologic impacts 

of climate change. Earth Interact. 17: 1–19.
Lofgren BM, Quinn FH, Clites AH, Assel RA, Eberhardt AJ, Luukkonen CL. 2002. Evaluation of potential impacts on Great Lakes water 

resources based on climate scenarios of two GCMs. J Great Lakes Res. 28 (4): 537–554.
Lohman SW. 1972. Defi nitions of selected ground-water terms—revisions and conceptual refi nements. Reston (VA): US Geological 

Survey Water-Supply Paper 1988.
Lorah MM, Burris DR, Dyer LJ. 2005. Natural attenuation of chlorinated solvent ground-water plumes discharging into wetlands. 

US Geological Survey Scientifi c Investigations Report 2004-5220. 201 p.
Lyons J, Zorn T, Stewart J, Seelbach P, Wehrly K, Wang L.  2009.  Defi ning and characterizing coolwater streams and their fi sh assemblages 

in Michigan and Wisconsin, USA.  North Amer J Fish Manage 29:1130–1151.
Macrae ML, Zhang Z, Stone M, Price JS, Bourbonniere RA, Leach M. 2011. Subsurface mobilization of phosphorus in an agricultural 

riparian zone in response to fl ooding from an upstream reservoir.  Can Water Resour J. 36 (4): 293–311.
MacRitchie SM, Pupp C, Grove G, Howard KWF, Lapcevic P. 1994. Groundwater in Ontario: hydrogeology, quality concerns and 

management. Burlington (SK): Environment Canada: NHRI Contribution No. CS-94011.
Magnuson J J, Webster CE, Assel VA, Bowser VJ, Dillon PJ, Eaton JG, Evans HE, Fee EJ, Hall RI, Mortsch LR, Schindler DW, Quinn FH. 

1997. Potential eff ects of climate changes on aquatic systems: Laurentian Great Lakes and Precambrian shield region. Hydrol Process. 
11: 825–871.

Mao D, Cherkauer KA. 2009. Impacts of land-use change on hydrologic responses in the Great Lakes region. J Hydrol. 374: 71–82. 
Markstrom SLR, Niswonger G, Regan RS, Prudic DE, Barlow PM. 2008. GSFLOW—coupled ground-water and surface-water fl ow 

model based on the integration of the Precipitation-Runoff  Modeling System (PRMS) and the Modular Ground-Water Flow Model 
(MODFLOW-2005). Reston (VA): US Geological Survey Techniques and Methods 6-D1. 240 p.

Maslia M, Johnston RH. 1984. Use of a digital model to evaluate hydrogeologic controls on groundwater fl ow in a fractured rock aquifer 
at Niagara Falls, New York, USA. J Hydrol. 75 (1): 167–194.

Maxwell RM, Kollet SJ. 2008. Interdependence of groundwater dynamics and land-energy feedbacks under climate change. Nat Geosci. 
1: 665–669.



96    

Mayer PM, Reynolds SK, McCutchen MD, Canfi eld  TJ. 2005. Riparian buff er width, vegetative cover, and nitrogen removal eff ectiveness: 
a review of current science and regulations. Cincinnati (OH):  US Environmental Protection Agency report EPA/600/R-05/118. 26 p.

Mayer PM, Reynolds SK, McCutchen MD, Canfi eld  TJ. 2007. Meta-analysis of nitrogen removal in riparian buff ers.  J Environ Qual. 
36 (4): 1172–1180.

McBean E, Motiee H. 2008. Assessment of impact of climate change on water resources: a long term analysis of the Great Lakes of North 
America. Hydrol Earth Syst Sci. 12: 239–255. 

McBride MS, Pfannkuch HO. 1975. Th e distribution of seepage within lakebeds. J Res US Geol Survey.  3: 505–512.
McClain ME, Boyer EW, Dent CL, Gergel SE, Grimm NB, Groff man PM, Hart SC, Harvey JW, Johnston CA, Mayorga E, McDowell 

WH, Pinay G. 2003. Biogeochemical hot spots and hot moments at the interface of terrestrial and aquatic ecosystems. Ecosystems. 
6 (4): 301–312.

McIsaac G, Jakobsson C, editor. 2012. Agricultural nutrient management in the Great Lakes Region. In: Sustainable agriculture, ecosys-
tem health and sustainable agriculture. 1st ed. Th e Baltic University Programme, Uppsala University.

McKenna JE, Davis Jr, Fabrizio BM, Savino MC, Todd JF, Bur, N. 2008. Ichthyoplankton assemblages of coastal west-central Lake Erie and 
associated habitat characteristics. J Great Lakes Res. 34: 755–769.

Melillo, JM, Richmond, TC, and Gary W. Yohe, GW, editors. 2014. Climate change impacts in the United States:  Th e Th ird National 
Climate Assessment. U.S. Global Change Research Program.  Washington (DC): US Government Printing Offi  ce, 841 p. 

Meriano M, Eyles N, Howard KWF. 2009. Hydrogeological impacts of road salt from Canada´s busiest highway on a Lake Ontario 
watershed (Frenchman’s Bay) and lagoon, City of Pickering. J Contam Hydrol. 107: 66–81.

Michigan Sea Grant. 2014. Coastal wetlands [Internet]. 
 Available from: http://www.miseagrant.umich.edu/explore/great-lakes-coastal-habitats/coastal-wetlands/.
Mills EL, Leach JH, Carlton JT, Secor CL. 1994. Exotic species and the integrity of the Great Lakes: lessons from the past. BioScience 

44: 666–676.
Mills PC, Duncker JD, Over TM, Domanski MM, Engel FM. 2014. Evaluation of a mass-balance approach to determine consumptive 

water use in northeastern Illinois. Reston (VA): US Geological Survey Scientifi c Investigations Report 2014–5176. 90 p.
Milly PCD, Betancourt J, Falkenmark M, Hirsch RM, Kundzewicz ZW, Lettenmaier DP, Stouff er RJ. 2008. Stationarity is dead: whither 

water management? Science. 319 (1): 573–574.
Ministry of the Environment (MOE). 2006. “Clean Water Act” – an act to protect existing and future sources of drinking water and to 

make complementary and other amendments to other acts. Royal Assent. 2006 Oct. 83 p.
Mishra V, Cherkauer KA. 2011. Influence of cold season climate variability on lakes and wetlands in the Great Lakes region. J Geophys 

Res. 116: 1–21.
Moon JB, Carrick HJ. 2007. Seasonal variation of phytoplankton nutrient limitation in Lake Erie. Aquat Microb Ecol. 48: 61–71.
Mortsch, L., J. Ingram, A. Hebb and S. Doka (eds.) 2006. Great Lakes Coastal Wetland Communities: Vulnerability to Climate Change 

and Response to Adaptation Strategies. Final Report submitted to the Climate Change Impacts and Adaptation Program, Natural 
Resources Canada. Environment Canada and the Department of Fisheries and Oceans. Toronto (ON): 251 p.

Mortsch L, Sabila G, Deadman P. 2008. Response of vegetation communities in three Lake Huron fens to historical water level 
fl uctuations. Aquat Ecosyst Health Manage. 11: 167–181.

Mucha J, Mackereth RW. 2008. Habitat use and movement patterns of brook trout in Nipigon Bay, Lake Superior. T Am Fish Soc. 
137: 1203–1212.

Mullaney JR, Lorenz DL, Arntson AD. 2009. Chloride in groundwater and surface water in areas underlain by the glacial aquifer system, 
northern United States. 41 p. US Geological Survey Scientifi c Investigations Report 2009–5086.

Murray KS, Fisher LE, Th errien J, George B, Gillespie J. 2001. Assessment and use of indicator bacteria to determine sources of pollution 
to an urban river. J Great Lakes Res. 27 (2): 220–229.

Myers DN, Th omas MA, Frey JW, Rheaume SJ, Button DT. 2000. Water quality in the Lake Erie-Lake Saint Clair Drainages, Michigan, 
Ohio, Indiana, New York, and Pennsylvania, 1996-98. Reston (VA): US Geological Survey Circular 1203. 35 p.

Nagorski SA, Moore JN. 1999. Arsenic mobilization in the hyporheic zone of a contaminated stream. Water Resour Res. 
35 (11): 3441–3450.

National Wildlife Federation. 2011. Feast and famine in the Great Lakes: how nutrients and invasive species interact to overwhelm the 
coasts and starved off shore waters. Ann Arbor (MI): 42 p. 

Neff  BP, Nicholas JR. 2005. Uncertainty in the Great Lakes water balance. 42 p. Reston (VA): US Geological Survey Scientifi c 
Investigations Report 2004-5100. 42 p.

Neff  BP, Day SM, Piggott AR, Fuller LM. 2005. Base fl ow in the Great Lakes Basin. Reston (VA): US Geological Survey Scientifi c 
Investigations Report 2005-5217. 23 p.

Neff  BP, Piggott AR. R.A. Sheets. 2006. Estimation of shallow ground-water recharge in the Great Lakes Basin. US Geological Survey 
Scientifi c Investigations Report 2005-5284. 20 p.

Nolan B, Ruddy B, Hitt KJ, Helsel DR. 1997. Risk of nitrate in groundwaters of the United States: a national perspective. Environ Sci 
Technol. 31(8): 2229–2236.

Nonpoint Source Workgroup (G. Sherbin, Chair), Upper Great Lakes Connecting Channel Study. 1988a. Waste Disposal Sites and 
Potential Ground Water Contamination: St. Clair River.  Report, 77 p. [unpublished]

Nonpoint Source Workgroup (G. Sherbin, Chair), Upper Great Lakes Connecting Channel Study. 1988b. Waste Disposal Sites and 
Potential Ground Water Contamination: St. Marys River.  Report, 39 p. [unpublished]



97    

Nonpoint Source Workgroup (G. Sherbin, Chair), Upper Great Lakes Connecting Channel Study. 1988c. Waste Disposal Sites and 
Potential Ground Water Contamination: Detroit River. Report, 75 p. [unpublished]

Nonpoint Source Workgroup (G. Sherbin, Chair), Upper Great Lakes Connecting Channel Study. 1988d. Waste Disposal Sites and 
Potential Ground Water Contamination: Lake St. Clair. Report, 45 p. [unpublished]

North RL, Guildford SJ, Smith REH, Havens SM, Twiss MR. 2007. Evidence for phosphorus, nitrogen, and iron colimitation of 
phytoplankton communities in Lake Erie. Limnol Oceanogr. 52: 315–328.

Novotny EV, Heinz GS. 2007. Stream fl ow in Minnesota: indicator of climate change. J Hydrol. 334: 319–333.
O’Connor DR. 2002. Part Two: Report of the Walkerton inquiry: a strategy for safe drinking water. Toronto (ON): Ontario Publications. 

Available from: http://www.sourcewater.ca/index/document.cfm?Sec=2&Sub1=2. 
Ontario Geological Survey.  2003.  Surfi cial Geology of Southern Ontario, Miscellaneous Release Data: 128.
Ontario Ministry of Finance. 2013. Ontario population projections update, Spring 2013. Queen’s Printer for Ontario. 98 p.
Ontario Ministry of Natural Resources (OMNR). 2013. Ontario wetland evaluation system: southern manual: 3rd edition, version 3.2.  

Queen’s Printer of Ontario. 284 p.
Ontario Ministry of Natural Resources (OMNR). 2014. Ontario wetland evaluation system: northern manual: 1st edition, version 1.3.  

Queen’s Printer for Ontario. 280 p.
Ontario Ministry of the Environment. 2008. Ontario drinking-water quality standards (Ontario Regulation 169/03) under the Safe 

Drinking Water Act. Available from: www.e-laws.gov.on.ca/html/regs/english/elaws_regs_030169_ev003.htm.
Ontario Ministry of the Environment.  2006. Clean Water Act – an act to protect existing and future sources of drinking water and to 

make complementary and other amendments to other acts. Royal Assent October 2006. Queen’s Printer for Ontario, 83 p.
Ontario Natural Heritage Information Centre. 1995. Natural Heritage Information Newsletter. Volume 2. Toronto (ON).
Owens LB, Shipitalo MJ. 2006. Surface and subsurface phosphorus losses from fertilized pasture systems in Ohio. J Environ Qual. 

35: 1101–1109.
Panno SV, Hackley KC, Hwang HH, Greenberg SE, Krapac IG, Landsberger S, O’Kelly DJ. 2006. Characterization and identifi cation of 

Na-Cl sources in ground water. Ground Water. 44 (2): 176–187.
Pärna J, Pinay G, Mandera U. 2012. Indicators of nutrients transport from agricultural catchments under temperate climate: 

a review. Ecol Indicat. 22: 4–15.
Pasini S, Torresan S, Rizzi J, Zabeo A, Critto A, Marcomini A. 2012. Climate change impact assessment in Veneto and Friuli Plain 

groundwater. part ii: a spatially resolved regional risk assessment. Sci Total Environ. 440: 219–235. 
Perera N, Howard KWF, Gharabaghi B. 2013. Groundwater chloride response in the Highland Creek watershed due to road salt 

application: a re-assessment aft er 20 years. J Hydrol. 479. 4: 159–168.
Peters CA, Robertson DM, Saad DA, Sullivan DJ, Scudder BC, Fitzgerald FA, Richards KD, Stewart JS, Fitzgerald SA, Lenz BN. 1998. Wa-

ter quality in the Western Lake Michigan drainages, Wisconsin and Michigan, 1992-95. Reston (VA): US Geological Survey Circular 
1156. 40 p.

Peterson HM, Nieber JL, Kanivetsky R, Shmagin B. 2013. Water resources sustainability indicator: application of the watershed 
characteristics approach. Water Resour Manage. 27: 1221–1234. 

Phosphorous Reduction Task Force. 2012. Priorities for reducing phosphorous loadings and abating algae blooms in the Great Lakes-
St Lawrence River Basin: opportunities and challenges for improving Great Lakes aquatic ecosystems. Ann Arbor (MI): Great Lakes 
Commission. 47 p.

Piggott A, Mills B, Moin S. 2005. Groundwater and climate change: impacts and adaptation in southern Ontario. Can Civil Eng. 
22: 14–17.

Pijanowski B, Ray DK, Kendall AD, Duckles JM, Hyndman DW. 2007. Using backcast landuse change and groundwater travel-time 
models to generate land-use legacy maps for watershed management. Ecol Soc. 12 (2): 25. 

Pokrajac D, Howard KWF. 2011. Urban groundwater management with UGROW. Taylor and Francis: UNESCO-IHP Urban Water 
Management Series Volume 5.

Portt C. 2014. Discussion paper: groundwater infl uences on habitats in the Great Lakes  Basin. Toronto (ON): Environment Canada. 26 
p. [unpublished]

Power G, Brown RS, Imhof JG. 1999. Groundwater and fi sh—insights from northern North America. Hydrol Process. 13: 401–422.
Price K. 2011. Eff ects of watershed topography, soils, land use, and climate on baseflow hydrology in humid regions: a review. Prog Phys 

Geog. 35 (4): 465–492.
Prudhomme C, Davies H. 2009. Assessing uncertainties in climate change impact analyses on the river flow regimes in the UK: 

part 1: baseline climate.  Climate Change. 93: 177–195. 
Puckett LJ, Hughes WB. 2005. Transport and fate of nitrate and pesticides: hydrogeology and riparian zone processes.  J Environ Qual. 

34: 2278–2292.
Puckett LJ. 2004. Hydrogeologic controls on the transport and fate of nitrate in ground water beneath riparian buff er zones: results from 

thirteen studies across the United States. Water Sci Technol. 49 (3): 47–53.
Qian B, Gregorich E, Gameda S, Hopkins D, Wang XL. 2011. Observed soil temperature trends associated with climate change in Canada. 

J Geophys Res. 116: 1–16.
Quevauviller P. 2011. Adapting to climate change: reducing water-related risks in Europe—EU policy and research considerations. 

Environ Sci Polic. 14: 722–729.



98    

Racey GD, Harris AG, Jeglum JK, Foster RF, Wickware GM. 1996. Terrestrial and wetland ecosites of northwestern Ontario. Th under Bay 
(ON): Northwest Science and Technology, Ministry of Natural Resources.

Rahman M, Bolisetti T, Balachandar R. 2012. Hydrologic modelling to assess the climate change impacts in a southern Ontario 
watershed. Can J Civ Eng. 39: 91–103. 

Ranalli AJ, Macalady DL. 2010. Th e importance of the riparian zone and in-stream processes in nitrate attenuation in undisturbed and 
agricultural watersheds – a review of the scientifi c literature. J Hydrol. 389: 406–415.

Ray DK, Pijanowski BC, Kendall AD, Hyndman DW. 2012. Coupling land use and groundwater models to map land use legacies: 
assessment of model uncertainties relevant to land use planning. Appl Geogr. 34: 356–370.

Reeves H. 2010. Water availability and use pilot: a multiscale assessment in the US Great Lakes Basin. Reston (VA): US Geological Survey 
Professional Paper 1778. 

Reeves HW, Wright KV, Nicholas JR. 2004. Hydrogeology and simulation of regional ground-water-level declines in Monroe County, 
Michigan. Reston (VA): US Geological Survey Water-Resources Investigations Report 03-4312. 72 p.

Reichert, K.  1986.  Groundwater Contamination Study Community of Ballantrae, Town of Whitchurch-Stouff ville.  Report prepared by 
UMA Engineering Ltd. for the Ontario Ministry of the Environment, August 1986. 46 p.

Reilly TE, Dennehy KF, Alley WM, Cunningham WL. 2008. Groundwater availability in the United States. Reston (VA): US Geological 
Survey Circular 1323. 70 p.

Ricker WE. 1934. An ecological classifi cation of certain Ontario streams. Toronto (ON): University of Toronto Press. p. 17–19.
Rivera A. (ed). 2014.  Canada’s groundwater resources.  Markham (ON): Fitzhenry & Whiteside Limited.
Rivard C, Vigneault H, Piggott A, Larocque M, Anctil F. 2009. Groundwater recharge trends in Canada. Can J Earth Sci. 46: 841–854. 
Rivett MO, Buss SR, Morgan P, Smith JW, Bemment CD. 2008. Nitrate attenuation in groundwater: A review of biogeochemical 

controlling processes. Water Res. 42 (16), 4215–4232.
Robertson WD, Roy JW, Brown SJ, Van Stempvoort DR, Bickerton G. 2014. Natural attenuation of perchlorate in denitrifi ed groundwater. 

Ground Water. 52 (1): 63–70.
Robertson WD, Van Stempvoort DR, Solomon DK, Homewood J, Brown SJ, Spoelstra J, Schiff  SJ. 2013. Persistence of artifi cial sweeteners 

in a 15-year-old septic system plume. J Hydrol. 477 (1): 43–54.
Robinson C.  2014. Discharge of nutrients from groundwater to tributaries and nearshore waters of the Great Lakes. Report prepared for 

Environment Canada.  Department of Civil and Environmental Engineering, Western University, London (ON): 26 February 2014, 
45 p. [unpublished]

Robinson C, Gibbes B, Carey H, Li L. 2007. Salt-freshwater dynamics in a subterranean estuary over a spring-neap tidal cycle. J Geophy 
Res. 112 (C9): C09007.

Rosenberry DO, LaBaugh JW. 2008. Field techniques for estimating water fl uxes between surface water and ground water. Reston (VA): 
US Geological Survey, Techniques and Methods 4-D2. 128 p.

Rosenberry DO, Striegl RG, Hudson DC. 2000. Plants as indicators of focused ground water discharge to a northern Minnesota lake. 
Groundwater 38: 296–303.

Roy JW, Bickerton G. 2010. A proactive screening approach for detecting groundwater contaminants along urban streams at the 
reach-scale. Environ Sci Technol. 44 (16): 6088–6094.

Roy JW, Bickerton G. 2012. Toxic groundwater contaminants: an overlooked contributor to urban stream syndrome?  Environ Sci 
Technol.  46 (2): 729–736.

Roy JW, Bickerton G. 2014. Elevated dissolved phosphorus in riparian groundwater along gaining urban streams. Environ Sci Technol. 
48: 1492–1498.

Roy JW, Malenica A. 2013. Nutrients and toxic contaminants in shallow groundwater along Lake Simcoe urban shorelines. Inland Waters. 
3 (2): 125–138.

Roy JW, Robillard JM, Watson SB, Hayashi M. 2009. Non-intrusive characterization methods for wastewater-aff ected groundwater 
plumes discharging to an alpine lake. Environ Monit Assess. 149 (1): 201–211.

Ruberg SA, Coleman DF, Johengen TH, Meadows GA, Van Sumeren  HW, Lang GA, Biddanda BA. 2005. Groundwater plume mapping 
in a submerged sinkhole in Lake Huron. Mar Technol Soc J. 39 (2): 65–69. 

Sanderson M , Karrow PF, Greenhouse JP , Paloschi GVR, Schneider G, Mulamoottil G, Mason C, McBean EA, Fitzpatrick PN, Mitchell 
B, Shrubsole D, Child E. 1995. Groundwater contamination in the Kitchener-Waterloo area, Ontario.  Can Water Res J 20 (3): 145-160.

Sanford WE, Pope JC. 2014. Quantifying groundwater’s role in delaying improvements to Chesapeake Bay water quality. Environ Sci 
Technol. 47 (23): 13330–13338.

Savoie JG, Lyford FP, Cliff ord S. 1999. Potential for advection of volatile organic compounds in groundwater to the Cochato River, Baird 
& McGuire Superfund Site, Holbrook, Massachusetts, March and April 1998. US Geological Survey Water-Resources Investigations 
Report 98-4257. 19 p.

Scandizzo, PL, 2011. Climate change adaptation and real option evaluation. CEIS Working Paper No. 232.  Rome, Italy: Centre for 
Economic and International Studies. Available from: http://ssrn.com/abstract=2046955.

Schwartz FW, Zhang H. 2003. Fundamentals of ground water. New York: John Wiley and Sons Inc. 583 p. 
Scibek J, Allen D, Cannon A, Whitfield P. 2007. Groundwater-surface water interaction under the scenarios of climate-change using a 

high-resolution transient groundwater flow model. J Hydrol. (333): 165–181.
Selbig WR, Balster, N.  2010. Evaluation of turf-grass and prairie-vegetated rain gardens in a clay and sand soil, Madison, Wisconsin, 

water years 2004–08: U.S. Geological Survey Scientifi c Investigations Report 2010–5077, 72 p.



99    

Seyfried CS. 1984. Municipal sewage treatment. Umwelt. 5: 413–415.
Sharpley AN, Daniel TC, Edwards DR. 1993. Phosphorus movement in the landscape. J Prod Agr. 6: 492–500.
Sharpley A, Jarvie HP, Buda A, May L, Spears B, Kleinman P. 2013. Phosphorus legacy: overcoming the eff ects of past management 

practices to mitigate future water quality impairment. J Environ Qual. 42 (5): 1308–1326.
Sklash M, Mason S, Scott, S. 1986.  An investigation of the quantity, quality, and sources of groundwater seepage into the St. Clair River 

near Sarnia, Ontario, Canada. Water Pollut Res J Can. 21 (3): 351–367.
Smith, JWN. 2005. Groundwater–surface water interactions in the hyporheic zone. 65 p. Almondsbury, Bristol (UK): Environment 

Agency Science Report SC030155/SR1. 
Snucins EJ, Curry RA, Gunn JM. 1992. Brook trout (Salvelinus fontinalis) embryo habitat and timing of alevin emergence in a lake and 

a stream. Can J Zool. 70: 423–427.
Spellman FR, Whiting NE. 2010. Environmental management of concentrated animal feeding operations (CAFOs). 1st ed. Boca Raton 

(FL): CRC Press, Taylor and Francis Group. 496 p. 
Squillace PJ, Scott JC, Moran MJ, Nolan  BT, Kolpin DW. 2002. VOCs, pesticides, nitrate, and their mixtures in groundwater used for 

drinking water in the United States. Environ Sci Technol. 36: 1923–1930.
Stamm C, Jarvie HP, Scott T. 2013. What’s more important for managing phosphorous: loads, concentrations or both? Environ Sci 

Technol. 48 (1): 23–24.
Statistics Canada, 2011. 2011 Census [Internet]. Available from: http://www12.statcan.ca/census-recensement/index-eng.cfm?fpv=3867.
Stewart TJ, Bowlby JN. 2009. Chinook salmon and rainbow trout catch and temperature distributions in Lake Ontario. J Great Lakes Res. 

35: 232–238.
Stewart JS, Westenbroek SM, Mitro MG, Lyons JD, Kammel LE, Buchwald CA. 2015. A model for evaluating stream temperature 

response to climate change in Wisconsin. Reston (VA): US Geological Survey Scientifi c Investigations Report 2014–5186. 64 p.
Stotler RL, Frape SK, El Mugammar HT, Johnston C, Judd-Henrey I, Harvey FE, Drimmie R, Jones JP.  2011.  Goechemical heterogeneity 

in a small, stratigraphically complex moraine aquifer system (Ontario, Canada):  interpretation of fl ow and recharge using multiple 
geochemical parameters.  Hydrogeol J. 19 (1): 101-115. 

Stuart M, Lapworth D, Crane E, Hart A. 2012. Review of risk from potential emerging contaminants in UK groundwater. Sci Total 
Environ. 416: 1–21.

Stubbington R, Wood PJ. 2013. Benthic and interstitial habitats of a lentic spring as invertebrate refuges during supra-seasonal drought. 
Fund Appl Limnol. 182: 61–73. 

Sukhija BS. 2008. Adaptation to climate change: strategies for sustaining groundwater resources during droughts. In: Dragoni W, Sukhija 
BS, editors. Climate change and groundwater. Geological Society of  London: Special Publications. 288: 169–181.

Sulis M, Paniconi C, Rivard, Harvey R, Chaumont D. 2011. Assessment of climate change impacts at the catchment scale with a detailed 
hydrological model of surface-subsurface interactions and comparison with a land surface model. Water Resour Res. 47: 1–23.

Sun, Ge, McNulty, Steven G., Moore Myers, Jennifer A., Cohen, Erika C. 2008. Impacts of climate change, population growth, land use 
change, and groundwater availability on water supply and demand across the conterminous US. [Internet]. Southern Global Change 
Program, USDA Forest Service.; [cited 2015 Jan]. 

 Available from: http://www.forestthreats.org/products/publications/WatershedUpdate_Impacts.pdf.
Sykes, J.  2014. Th e eff ects of climate change on groundwater quality and quantity in the Great Lakes Basin. Report prepared for 

Environment Canada, Burlington, Ontario. Department of Civil and Environmental Engineering, University of Waterloo, Waterloo, 
Ontario, Canada, November 2014, 95 p.  [unpublished]

Taylor SW. 1994. Pollutant loadings to the Buff alo River area of concern from inactive hazardous waste sites. Chicago (IL): Great Lakes 
National Program Offi  ce. US Environmental Protection Agency Report EPA 905-R94-006. 1994 May.

Th eobald D. 2005. Landscape patterns of exurban growth in the USA from 1980 to 2020. Ecol Soc. 10 (1): 32. 
Th omas MA. 2000a. Th e eff ect of residential development on ground-water quality near Detroit, Michigan. J Environ Qual. 

36: 1023–1038.
Th omas MA, 2000b. Ground-water quality and vulnerability to contamination in selected agricultural areas of southeastern Michigan, 

northwestern Ohio, and northeastern Indiana. US Geological Survey Water-Resources Investigations Report 00-4146. 22 p.
Th omasen S, Gilbert J, Chow-Fraser P. 2013. Wave exposure and hydrologic connectivity create diversity in habitat and zooplankton 

assemblages at nearshore Long Point Bay, Lake Erie. J Great Lakes Res. 39: 56–65.
Th ompson CA, McFarland AMS. 2010. Eff ects of surface and groundwater interactions on phosphorus transport within streambank 

sediments. J Environ Qual. 39 (2): 548–557.
Turner SWD, Marlow M, Ekström M, Rhodes BG, Kularathna U, Jeff rey PJ. 2014. Linking climate projections to performance: a 

yield-based decision scaling assessment of a large urban water resources system. Water Resour Res. 50 (4): 3553–3567.
University of Birmingham. 1984 Saline Groundwater Investigation : Phase 2 - North Merseyside Final Report to the North West Water 

Authority.  88 p.
US Census Bureau. 2003. Ranking tables for population of metropolitan statistical areas, micropolitan statistical areas, combined 

statistical areas, New England City and town areas, and combined New England City and town areas: 1990 and 2000 [Internet]. Areas 
defi ned by the Offi  ce of Management and Budget as of June 6, 2003, PHC-T-29; [cited 2003 Nov 3].  

 Available from: https://www.census.gov/population/metro/data/index.html.
US Census Bureau. 2013. Population change for metropolitan and micropolitan statistical areas in the United States and Puerto Rico 

[Internet]. February 2013 Delineations 2000 to 2010, CPH-T-5; [cited  2014 Nov 3]. 
 Available from: https://www.census.gov/population/www/cen2010/cph-t/cph-t-5.html.



100    

US Environmental Protection Agency. 1988. U.S. progress in implementing the Great Lakes Water Quality Agreement. Chicago (IL): 
Great Lakes Program Offi  ce. Report EPA 905/9-89/006.

US Environmental Protection Agency. 2014. National primary drinking water regulations [Internet]. Washington (DC): US 
Environmental Protection Agency, Offi  ce of Water. Available from: http://www.epa.gov/safewater/mcl.html.

US Environmental Protection Agency (USEPA). 2008. Evaluating ground-water/surface-water transition zones in ecological risk 
assessments. ECO update/ground water forum issue paper. Intermittent Bulletin. Offi  ce of Solid Waste and Emergency Response: 
Washington (DC): Publication 9285.6-17 EPA-540-R-06-072. 2008 Jul.

US Environmental Protection Agency (USEPA). 2012. Th e Great Lakes Water Quality Agreement [Internet]. 
 Available from: http://www.epa.gov/greatlakes/glwqa/1978/articles.html. 
US Environmental Protection Agency (USEPA). 2015. United States national recommended aquatic life criteria [Internet]. [cited 2015 

Feb 10]. Available from: http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#altable.
US Fish and Wildlife Service. 2006. Th reatened and endangered species—Hine’s Emerald Dragonfl y—Somatochlora hineana [Internet]. 

US Fish and Wildlife Service Fact Sheet. 2 p. Available from: http://www.fws.gov/midwest/endangered/insects/hed/pdf/hed-color.pdf.
US Geological Survey.  2014. Phosphorus doesn’t migrate in ground water? Better think again! [Internet]. USGS Toxic Substances 

Hydrology Program; [cited 2014 Nov 26].  Available from: http://toxics.usgs.gov/highlights/phosphorous_migration.html.
van Es HM, Schindelbeck RR, Jokela WE. 2004. Eff ect of manure application timing, crop, and soil type on phosphorus leaching. J.Envi-

ron. Qual. 33: 1070–1080.
Van Grinsven M, Mayer A, Huckins C. 2012. Estimation of streambed groundwater fl uxes associated with coaster brook trout spawning 

habitat. Groundwater.  50: 432–441.
Van Stempvoort DR, Roy JW, Brown SJ, Bickerton G. 2011. Artifi cial sweeteners as potential tracers in groundwater in urban 

environments. J Hydrol. 401 (1): 126–133. 
Vidon PGF,  Hill AR. 2004. Landscape controls on nitrate removal in stream riparian zones. Water Resour Res. 40: W03201.
Vidon P, Allan C, Burns D, Duval TP, Gurwick N, Inamdar S, Lowrance R, Okay J, Scott D, Sebestyen S. 2010. Hot spots and hot moments 

in riparian zones: potential for improved water quality management.  J Am Water Resour Assoc. 46 (2): 278–298.
Voelker DC. 1986. Illinois—Ground-water quality. In: Moody DW, Carr J, Chase EB, Paulson RW, compilers. National water summary 

1986 - hydrologic events and ground-water quality. Washington (DC): US Geological Survey Water Supply Paper 2325. p. 237–244.
Wakida FT, Lerner DN. 2005. Non-agricultural sources of groundwater nitrate: a review and case study. Water Res. 39: 3–16. 
Walsh J, Wuebbles D, Hayhoe K, Kossin J, Kunkel K, Stephens G, Th orne P, Vose R, Wehner M, Willis J, 2014. Climate change impacts in 

the United States: the third national climate assessment. In: Melillo JM,  Richmond TC, Yohe GW, editors. US Global Change Research 
Program. Chapter 2, Our changing climate. p. 19–67. 

Warner KL, Ayotte JD. 2014. Th e quality of our nation’s waters—water quality in the glacial aquifer system, northern United States, 
1993–2009. Reston (VA): US Geological Survey Circular 1352. 116 p.

Wilcox DA. 1995. Th e role of wetlands as nearshore habitat in Lake Huron. In: Munawar M, Edsall T, Leach J, editors. Th e Lake Huron 
ecosystem: ecology, fi sheries and management. Netherlands: SPB Academic Publishing. p. 223–245.

Wiley MJ, Hyndman DW, Pijanowski BC, Kendall AD, Riseng C, Rutherford ES, Cheng ST, Carlson ML, Tyler JA, Stevenson RJ, Steen 
PJ,  Richards PL, Seelbach PW, Koches JM,  Rediske RR. 2010. A multi-modeling approach to evaluating climate and land use change 
impacts in a Great Lakes River Basin. Hydrobiologia. 657: 243–262. 

Williams DD, Williams NE, Cao Y. 1999. Road salt contamination of groundwater in a major metropolitan area and developing areas. 
Water Resour. 34 (1): 127–138.

Winter TC. 1999. Relation of streams, lakes, and wetlands to groundwater fl ow systems. Hydrogeol J. 7 (1): 28–45.
Winter, TC. 2007. Th e role of ground water in generating streamfl ow in headwater areas and in maintaining base fl ow. J Am Water Resour 

Assoc. 43: 15–25.
Winter TC, Harvey JW, Franke OL, Alley WM. 1998. Ground water and surface water: a single resource. Reston (VA): US Geological 

Survey Circular 1139. 79 p.
Withers PJA, Lord EI. 2002. Agricultural nutrient inputs to rivers and groundwaters in the UK: policy, environmental management and 

research needs. Sci Total Environ. 282–283: 9–24.
Woessner WW. 1998. Changing views of stream-groundwater interaction. In: Van Brahana J, Eckstein U, Ongley LK, Schneider R, Moore 

JR, editors.  Proceedings of the Joint Meeting of the 28th Congress of the International Association of Hydrogeologists and the Annual 
Meeting of the American Institute of Hydrology: Gambling with Groundwater; 1998 Sept 28–Oct 2; Las Vegas (NV). St. Paul (MN): 
American Institute of Hydrology. p. 1–6.

Woessner WW. 2000. Stream and fl uvial plain ground water interactions: Rescaling hydrogeologic thought. Ground Water. 
38 (3): 423–429.

Wolf L, Morris B, Burn S, editors. 2006. Urban water resources toolbox: integrating groundwater into urban water management. 
London (UK): IWA Publishing. 309 p.

Woodward M, Kapelan Z, Gouldby B. 2013. Adaptive fl ood risk management under climate change uncertainty using real options and 
optimisation. J Risk Anal. 1–24. 


