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Overall Assessment 
Status: Good 

Trends: 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: The overall status of groundwater quality in the Great Lakes Basin is assessed as “Good” (Figure 1). For 
the assessed fraction of the basin (84% of the total area), the groundwater quality is “Good” in 58% of the area, 
“Fair” in 41% of the area, and “Poor” in 1% of the area, resulting in an overall assessment of “Good”. The portions of 
the basin that have insufficient data (16% percent of the total Basin area; e.g., the northern portion of the Lake 
Superior basin) are not assessed, and their indicator status is classified as “Undetermined” (see Basin-by-Basin 
Assessments below). The overall trend in groundwater quality in the basin is “Undetermined” primarily due to a lack 
of repeated sampling for most sites: most sites have only one sample result. However, increasing (upward) trends in 
chloride and nitrate concentrations in groundwater have been reported for various watersheds within the basin (see 
Ecological Condition section below). 

The overall status of groundwater quality has changed from “Fair” in the previous report (2019) to “Good” in this 
report, which is attributed to the improved geospatial data coverage. Across the basin, the number of sites with 
available sample data and the spatial distribution of sites increased substantially for this assessment (670 data 
points in 2019 versus 6,554 in 2022). Although not all newly added samples were collected since the last report, 
the data were not available for the previous assessment. 

Basin-by-Basin Assessment 
Lake Superior Basin  
Status: Good 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: As illustrated in Figure 2, of the 272 wells that were assessed, the groundwater quality is assessed as 
“Good” in 194 (71%), “Fair” in 60 (22%), and “Poor” in 18 (7%). For the assessed fraction of the lake basin area 
(52%), groundwater quality in 66% of the area is assessed as “Good”, 34% as “Fair” and zero as “Poor.” 48% of the 
basin area (mainly in the northern portion of the Lake basin) is classified as “Undetermined” due to insufficient data. 
Trend analysis was not completed in this assessment but is anticipated to be a component of future assessments. 

The status of groundwater quality has changed from “Undetermined” in the 2019 report to “Good” in this report, 
which is attributed to the improved data coverage, especially in the southern portion of the Lake Superior basin 
where large data gaps existed previously. Although close to half of the basin area has insufficient data for an 
assessment, the total number of data points available has increased by more than 10 times since the last report (22 
data points in 2019 versus 272 in 2022).

Sub-Indicator: Groundwater 
Quality 
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Lake Michigan Basin 
Status: Good 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: As illustrated in Figure 3, of the 2,968 wells that were assessed, the groundwater quality is assessed as 
“Good” in 1,582 (53%), “Fair” in 735 (25%), and “Poor” in 651 (22%). For the entire lake basin area (100% 
assessed), groundwater quality in 77% of the area is assessed as “Good”, 23% as “Fair” and zero as “Poor.” Trend 
analysis was not part of this assessment but is anticipated to be a component of future assessments. 

The status of groundwater quality has changed from “Fair” in the 2019 report to “Good” in this report, which is 
attributed to the improved data coverage across the lake basin. It was noted in the 2019 report that the “Fair” status 
should only be considered valid for the western portion of the Lake Michigan basin where sufficient data were 
available for an assessment. The total number of data points available has increased by more than 20 times since 
the last report (136 data points in 2019 versus 2,968 in 2022). 

Lake Huron Basin 

Status: Good 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: As illustrated in Figure 4, of the 1,308 wells that were assessed, the groundwater quality is assessed as 
“Good” in 739 (57%), “Fair” in 318 (24%), and “Poor” in 251 (19%). For the assessed fraction of the lake basin area 
(94%), groundwater quality in 62% of the area is assessed as “Good”, 35% as “Fair” and 3% as “Poor.” Trend 
analysis was not part of this assessment but is anticipated to be a component of future assessments. 

Consistent with the 2019 report, the status of groundwater quality in the Lake Huron basin is assessed as “Good.” It 
was noted in the 2019 report that the “Good” status should only be considered valid for the southeastern portion of 
the Lake Huron basin where data were available for an assessment. Although there are still some areas within the 
basin that have insufficient data for an assessment, the total number of data points available has increased by more 
than 10 times since the last report (77 data points in 2019 versus 1,308 in 2022). 

Lake Erie Basin  
Status: Good 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: As illustrated in Figure 5, of the 1,084 wells that were assessed, the groundwater quality is assessed as 
“Good” in 511 (47%), “Fair” in 318 (27%), and “Poor” in 251 (26%). For the assessed fraction of the lake basin area 
(97%), groundwater quality in 51% of the area is assessed as “Good”, 48% as “Fair” and 1% as “Poor.” Trend 
analysis was not part of this assessment but is anticipated to be a component of future assessments. 

The status of groundwater quality has changed from “Fair” in the 2019 report to “Good” in this report, which is 
mainly attributed to the improved data coverage across the lake basin. It was noted in the 2019 report that the 
“Fair” status should only be considered valid within the areas of the basin where data were available for an 
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assessment. The total number of data points available has increased by about six times since the last report (177 
data points in 2019 versus 1,084 in 2022). 

Lake Ontario Basin 

Status: Fair 

10-Year Trend: Undetermined 

Long-term Trend: Undetermined 

Rationale: As illustrated in Figure 6, of the 922 wells that were assessed, the groundwater quality is assessed as 
“Good” in 340 (37%), “Fair” in 292 (32%), and “Poor” in 290 (31%). For the entire lake basin area (100% assessed), 
groundwater quality in 17% of the area is assessed as “Good”, 83% as “Fair” and zero as “Poor." Trend analysis 
was not part of this assessment but is anticipated to be a component of future assessments. 

Consistent with the 2019 report, the status of groundwater quality in the Lake Ontario basin is assessed as “Fair.” 
The total number of data points available has increased almost four times since the last report (258 data points in 
2019 versus 922 in 2022). 

Status Assessment Definitions 
Various standards and guidelines have been established by jurisdictions that have regulatory responsibilities in the 
Great Lakes basin (GLB) (Table 1). Under the Great Lakes Water Quality Agreement (GLWQA), ecosystem 
indicators of the GLB are required to be evaluated every three years for the status of water quality and aquatic 
ecosystem health. Therefore, the Canadian Council of Ministers of the Environment (CCME, 2012) water quality 
guideline criteria (i.e., 120 mg/L for chloride and 3 mg N/L for nitrate) for the protection of aquatic life were selected 
for this sub-indicator report. These criteria are also the most stringent ones among the applicable standards and 
guidelines as listed in Table 1. The following assessment criteria were initially applied to each monitoring location 
and then extrapolated to each Great Lake drainage basin (watershed).  

Step 1 - Wells 
For each monitoring location/well, the groundwater quality is assessed based on chloride (Cl-) and nitrate (N/L NO3

-) 
concentrations as being: 

Good: less than or equal to (≤) 0.8 mg N/L NO3- AND ≤ 30 mg/L (Cl-) 

Fair: greater than (>) 0.8 BUT less than (<) 3 mg N/L NO3- AND/OR >30 BUT < 120 mg/L (Cl-) 

Poor: greater than or equal to (≥) 3 mg N/L NO3- AND/OR ≥120 mg/L (Cl-) 

These assessment criteria are shown graphically in Figure 7. In this approach, the distinction between “Fair” and 
“Poor” is based on the CCME 2012 water quality guideline criteria. The distinction between “Good” and “Fair” is 
based on concentrations equivalent to one quarter (25%) of the same guideline concentrations (i.e., 30 mg/L for 
chloride; 0.75, rounded up to 0.8 mg N/L for nitrate). Consistent with previous assessments, these “25% of 
guideline” criteria provide an interim, protective approach for this sub-indicator assessment, based on judgement 
rather than directly on established criteria. They may be modified in future if sufficient support for alternative criteria 
becomes available.   
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The monitoring wells used in this analysis were established for various purposes, sometimes without consideration 
of the regional context. However, for this sub-indicator, the objective is to provide a regional assessment of 
groundwater quality based on the selected parameters of interest. Statistical methods along with geographic 
information system (GIS) approaches could be used in future assessments to select monitoring locations that would 
provide sufficient information for a regional assessment for a portion of one or more of the lake drainage basins.   

Step 2 - Tertiary Watersheds 
Ideally, the areal (geographic) unit of observation for this sub-indicator will be the drainage basin (watershed) of 
each Great Lake, and also the entire Great Lakes basin. However, due to spatial gaps in available groundwater data, 
there were insufficient data to assess certain portions of most lake basins. Therefore, the indicator status for each 
tertiary watershed (TW) was evaluated prior to completing the assessment for their respective Great Lake basins 
based on the following criteria:  

Good: If more than 50% of wells in a TW are assessed as “Good”, THEN the TW is assessed as “Good". 

Poor: If more than 50% of wells in a TW are assessed as “Poor”, THEN the TW is assessed as “Poor". 

Fair: If more than 50% of wells in a TW are assessed as “Fair”, or none of the “Good”, “Fair”, or “Poor” is 
dominant (i.e., >50%), THEN the TW is assessed as “Fair".  

Undetermined: TWs with fewer than two data points were not assessed and are shown as “Undetermined". 

Table 2 presents a summary of the Step 2 results, by watershed and for the basin. 

Step 3 - Drainage Basins 
If more than 50% of the lake basin area is assessed, then an indicator status for the basin is determined. The overall 
groundwater quality for each of the Great Lake basin is assessed as follows: 

Good: If more than 50% of the basin area are assessed as “Good”, THEN the basin is assessed as “Good". 

Poor: If more than 50% of the basin area are assessed as “Poor”, THEN the basin is assessed as “Poor". 

Fair: If more than 50% of the basin area are assessed as “Fair”, or none of the “Good”, “Fair”, or “Poor” is dominant 
(i.e., >50%), THEN the basin is assessed as “Fair”.  

Undetermined: If greater than 50% of the basin area are unassessed due to insufficient data, THEN the basin is 
shown as “Undetermined”.   

The overall groundwater quality for the entire Great Lake basin is calculated on an areal basis using the same 
criteria described above for the individual lake basins. Table 3 presents a summary of the Step 3 results by 
watershed and for the basin. 

Tables 2 and 3 and Figure 8 show the overall percentages of wells in each assessment category for each lake 
drainage basin and how the groundwater quality sub-indicator compares between basins. It should be noted that 
the TW assessment is based on the well assessment percentages, which could generate potential bias where the 
wells are clustered. Future assessments could explore and implement methods for a spatially unbiased assessment 
(e.g., Belitz et al, 2010).  
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As noted below, the data used for this sub-indicator will typically be derived from ongoing groundwater monitoring 
and surveillance programs. This will allow the use of the same data for trend assessment, as outlined below. 
However, this approach does not exclude the possibility of including some “one time” data for groundwater quality 
status assessments, particularly in areas where data gaps are found. 

Trend Assessment Definitions  
The following criteria are suggested for future trend assessment:   

Improving: Concentrations of both nitrate and chloride are decreasing, or the decreasing trend is dominant between 
the two parameters (i.e., one parameter is decreasing and the other one is unchanging or increasing in a weaker 
pattern). 

Unchanging: Concentrations of nitrate and chloride are not changing. 

Deteriorating: Concentrations of both nitrate and chloride are increasing, or the increasing trend is dominant 
between the two parameters (i.e., one parameter is increasing and the other one is unchanging or decreasing in a 
weaker pattern). 

Undetermined: Data are not available or are unclear to determine trends. 

A statistical approach will be selected in a future reporting cycle to determine whether a concentration trajectory is 
decreasing, increasing, unchanging or undetermined. Future trend analysis would allow assessing whether there is 
a statistically significant change in the concentrations of either (or both) nitrate and chloride in a group of wells with 
“continuous” data within the Great Lakes basin (e.g., DeSimone et al. 2014), or a portion of it (lake watershed or 
sub-watershed). The time range and number of time steps or sequential analyses to be used to determine both 
long-term and short-term trends will be decided in future assessment reports. For this report, general trends at a 
national or Great Lakes scale that are reported in peer-reviewed articles and journals are referenced where 
appropriate.  

A project initiated by the Ontario Ministry of the Environment, Conservation and Parks (MECP) and Environment 
and Climate Change Canada (ECCC) and completed by Kilgour & Associates Ltd. to explore a trend analysis 
methodology is described in the Additional Information Section of this report. 

Endpoints and/or Targets  
The main criterion for assessing the groundwater quality is the lowest concentration that is specified as a standard, 
guideline, or maximum level in one or more of the standards or guidelines shown in Table 1 for the protection of 
aquatic life. Under the GLWQA, the sub-indicator and indicators are used to report on water quality and aquatic 
ecosystem health and therefore guidelines for the protection of aquatic life will be used for assessment purposes. 
That being the case, the criterion for nitrate (NO3

-) is 3 milligrams nitrogen per litre (mg N/L), and the criterion for 
chloride (Cl-) is 120 mg/L.  

Sub-Indicator Purpose 
The purpose of this sub-indicator is to assess the general status of the quality of shallow groundwater in the Great 
Lakes basin, which is interactive with other components of the water cycle and has potential to impact the quality of 

5



 

 

 

STATE OF THE GREAT LAKES 2022 TECHNICAL REPORT 

the Great Lakes waters. Select chemical constituents of groundwater can be used to provide information about 
ecosystem health and potential risks to the waters of the Great Lakes basin. 

Ecosystem Objective 
This sub-indicator supports work towards General Objective #8 of the 2012 GLWQA, which states that the waters 
of the Great Lakes should be “free from the harmful impact of contaminated groundwater.”  

Measure 
This sub-indicator utilizes available measurements of the dissolved concentrations of two relevant water-quality 
constituents in groundwater in the GLB: nitrate and chloride. The data are derived from groundwater samples 
analyzed as part of ongoing monitoring, surveillance, and other programs/projects as appropriate. Agencies 
conducting groundwater quality monitoring and surveillance programs in the GLB at the subcatchment to regional-
scale (i.e., not site specific) include the U.S. Geological Survey (USGS) in coordination with State agencies, the MECP 
in coordination with various Conservation Authorities and municipalities, as well as Ontario Geological Survey 
(OGS).  

It is important to note that for this sub-indicator, the available data are largely derived from existing monitoring 
networks, which were established in earlier programs, using various criteria; these networks were not established 
for the purposes of this sub-indicator. In this 2022 status assessment, existing data from USGS, MECP, OGS and 
municipal monitoring and surveillance programs for the period 2000-2020 were included. Well types include 
dedicated monitoring wells, private water supply wells, and public water supply wells in the GLB. For wells that 
have multiple samples for this period (2000-2020), the most recent sample concentrations were used.  

Water-quality data for the U.S. states were primarily derived from a dataset compiled from three sources: the USGS 
National Water Information System (NWIS) (USGS, 2016), the U.S. Environmental Protection Agency (USEPA) Safe 
Drinking Water Information System (SDWIS) (USEPA, 2013), and numerous agencies and organizations at the 
state, regional, and local level. Most data are for sample dates from 2005 to 2013, and the most recent sample at 
each site was used. More details related to the dataset compilation methods are provided in the USGS ScienceBase 
data release (Erickson and Wilson, 2021). Water-quality data and well construction information are available in the 
data release (Erickson and Wilson, 2021). Groundwater quality data and well construction information were 
obtained for wells in Minnesota that are routinely sampled by the Minnesota Pollution Control Agency as part of its 
ambient groundwater monitoring program (Minnesota Pollution Control Agency, 2021). Groundwater quality data 
and well construction information were obtained for wells in Ohio that are routinely sampled by the Ohio 
Environmental Protection Agency as part of its ambient groundwater monitoring (Ohio Environmental Protection 
Agency, 2021). 

The primary data source covering Southern Ontario is the MECP’s Provincial Groundwater Monitoring Network 
(PGMN), which includes approximately 400 active long-term groundwater quality monitoring wells. The program, 
launched in 2000, is delivered in partnership with Ontario’s Conservation Authorities and participating 
municipalities. Annual groundwater samples have been collected in fall since the establishment of this network. 

As mentioned in the 2019 report, the OGS’s ongoing Ambient Groundwater Geochemistry program released an 
extensive dataset (more than 2,300 samples have been collected from 2007-2014) for southern Ontario (Hamilton, 
2015). Since then, the program has focused on sampling groundwater within the Lake Huron basin. In 2016, 196 
wells were sampled in the Sudbury area (Dell et al., 2016). In 2017, 143 wells were sampled on Manitoulin Island 
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and along the adjacent north shore of Lake Huron (Dell et al., 2017), and in 2018, efforts were focused in the North 
Bay area, including a portion of the Lake Huron basin (data not available yet). The available Ambient Groundwater 
Geochemistry data were used for the status assessment to help address some of the spatial data gaps that were 
previously identified, particularly in the Lake Huron basin. However, there is no plan for future ongoing resampling 
of the same wells in this program that would support the trend assessment that is required for this sub-indicator.   

Groundwater sampling data from some municipal supply and monitoring wells in the Greater Toronto Area 
compiled under the Oak Ridges Moraine Groundwater Program (ORMGP) were also used for the 2022 status 
assessment. In addition, some data were included from the northern portion of the Lake Huron basin and from the 
Lake Superior basin as compiled by Waters Environmental Geosciences Ltd. (2017). These data were from two 
sources: "background" wells for landfill monitoring and data from municipal water supply monitoring programs. 

For subsequent status assessments, the number and location of the sampling points is expected to change over 
time as new wells are added, old ones are decommissioned, etc. Analyses of groundwater collected from shallow 
temporary drive-points might be included in future status assessments. Other available shallow groundwater data 
from monitoring, surveillance and research projects and programs can be included in the status assessment if 
appropriate for inclusion. Quality control and quality assurance measures will need to be considered for any 
additional data being considered. Although the use of such data would result in some inconsistency (in terms of 
data locations used for the assessments), their inclusion could potentially address information gaps in some areas of 
the GLB.  

Monitoring data collected from known groundwater contamination investigations (for example, studies related to 
plume investigations) is excluded because such data are not representative of the regional-scale water quality that 
is being assessed with this sub-indicator. Point-source groundwater contamination issues would need to be dealt 
with on a site-by-site basis and summaries of such site-specific data could be reported in a special section of the 
sub-indicator report as contextual information. Point sources of contamination that are not included in this report 
may have groundwater quality impacts, but the purpose of this sub-indicator is to assess ambient groundwater 
quality at lake basin and Great Lakes basin scales. The work and resources needed to include an assessment of all 
known contaminated groundwater wells/sites in the Great Lakes basin would be significant. Work under the 
Groundwater Annex 8 of the GLWQA is considering including this type of work in future reporting.  

Only “shallow” groundwater samples (collected from wells screened at depths less than 40 metres) are included in 
this assessment, given that shallow groundwater is the most interactive with the rest of the hydrologic system, 
including surface waters in the Great Lakes basin (Conant et al. 2016). Most of the shallow groundwater in the 
basin flows towards and will eventually discharge into the Great Lakes. This connection has many implications for 
water quality. Shallow groundwater tends to be “younger,” or in other words, more recently recharged, and 
therefore it better reflects the groundwater quality impacts of recent activities in the recharge area (e.g., land use 
practices). That said, it should be understood that it can sometimes take years or decades for changes in land 
management practices to measurably impact the shallow groundwater (e.g., Zebarth et al. 2015).  

The definition of “shallow groundwater” is arbitrary; for the purposes of this sub-indicator, shallow groundwater is 
defined as groundwater collected from wells screened less than 40 metres below ground surface. For multilevel 
monitoring wells, this would include only samples from the depth closest to the water table. A well screen is the 
perforated portion of a well that collects groundwater from a certain depth interval. For wells that had the depths of 
the screened interval defined in the database (491 of 6,554 wells), about 70% are potentially collecting 
groundwater from 20 metres or shallower (Figure 9). The 40-metre depth is a criterion that requires further 
research, and so the depth criterion for selection of “shallow groundwater” for this sub-indicator will be reviewed 
and may change over time. If the criterion is revised, the historical data will be re-assessed using the new criterion.  
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Ecological Condition 
Background 
Groundwater can become contaminated with various substances including nutrients, salts, metals, pesticides, 
pharmaceuticals and other contaminants. Groundwater plays an important role as a reservoir of water that, if 
contaminated, can become a continuous source of contamination to the Great Lakes. Chemical parameters, such as 
nitrate and chloride, can be used to assess groundwater quality and to provide information about ecosystem health 
and potential risk to Great Lakes water quality.  

Nitrogen is an essential nutrient for plants and animals. It promotes rapid growth, increases seed and fruit 
production, and improves the quality of leaf and forage crops. Nitrogen exists in the environment in many forms as a 
part of the nitrogen cycle, with nitrate (NO3

-) and ammonium (NH4
+) being important inorganic species in aquatic 

systems. Nitrate concentrations in groundwater are often elevated in urban and agricultural areas (Dubrovsky et al. 
2010; IJC, 2010). Chloride is believed to be mainly an urban contaminant as a result of de‐icing road salt in addition 
to naturally occurring bedrock brines. 

Elevated concentrations of nitrate in water have been shown to have detrimental effects on aquatic organisms and 
aquatic ecosystems (e.g., direct toxicity, or increased risk of algal blooms and eutrophication; CCME, 2012), and 
human health (Health Canada, 2013). Elevated concentrations of chloride in water have been shown to have 
detrimental effects on aquatic organisms and aquatic ecosystems (e.g., toxicity; CCME, 2012).  

Nitrate and chloride are considered to be key indicator contaminants in groundwater for the following reasons: 

• They are two of the most prevalent and widespread contaminants in groundwater that have been 
measured and reported in the GLB (and elsewhere); 

• They both are derived from multiple contaminant sources in both rural (agricultural) and urban areas. Even 
though some geologic sources of these compounds exist in the environment, nitrate and chloride are 
considered as general indicators of anthropogenic impact to aquatic systems; 

• As anions, they are both extremely mobile (soluble) in water, so they easily infiltrate through the soil 
profile and subsequently enters the groundwater system;  

• They are stable contaminants that do not have much physical or chemical interaction with the material 
they flow through (although nitrate could be reduced or eliminated by denitrification in some subsurface 
environments), therefore may have a long-term adverse effect on the ecosystem; and  

• Chloride is persistent in the subsurface. It is not subject to attenuation by processes such as biodegradation 
or sorption. 

As noted in “Groundwater science relevant to the Great Lakes Water Quality Agreement” (Grannemann and Van 
Stempvoort, 2016): “The natural flux of groundwater to the Great Lakes and their tributaries can enhance water 
quality and water quantity and provide essential habitats for Great Lakes ecosystems. Groundwater can also be a 
transmitter (vector) of contaminants and excessive loads of nutrients, which are derived from both non-point 
sources and point sources, to the Great Lakes. In addition to the direct flux of groundwater that transports 
contaminants and nutrients to the Great Lakes, the flux of groundwater to streams flowing into the Great Lakes also 
must be considered because the ecology and habitats of streams are interconnected with ecology of the Great 
Lakes (for example, fish spawning and migration)." 
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Status Assessment 

This sub-indicator regional-scale assessment was based on measurements (2000-2020) of the dissolved 
concentrations of nitrate and chloride in groundwater in the GLB, as part of ongoing monitoring of groundwater 
quality. For this assessment, the data were obtained from groundwater monitoring networks maintained by (1) the 
USGS and its partners, and (2) the MECP and its partners, and was supplemented by data from the OGS and some 
municipalities.  

As illustrated in Figure 7, the definition of “Fair” is more inclusive than “Poor” or “Good”, because “Fair” includes all 
cases where there is no majority of individual wells assessed as “Poor”, “Fair”, or “Good” (i.e., the central portion of 
this diagram, coloured in orange, where each of these three classifications is < 50%).  

Although greatly improved from the previous assessments, the spatial distribution of data used in this assessment 
is still uneven (Figures 2-6), notably in the northern portion of the Lake Superior basin, the northern and eastern 
portions of the Lake Huron basin, and the southern portion of the Lake Erie basin.    

There was a stronger tendency for groundwater quality to range from “Poor” to “Fair” in those portions of the basin 
that had more intense development, including urbanization (e.g., areas within the Michigan, Erie, and Ontario basins, 
Figures 3, 5, 6), and a tendency for groundwater quality to range from “Fair” to “Good” in the less developed areas 
(e.g., Superior and Huron basins, Figures 2, 4). For the subwatersheds of the Superior basin that have been 
assessed, the overall groundwater quality is “Good". However, only slightly more than half of the basin (by area) 
was assessed, due to lack of data in many areas. The unassessed subwatersheds tend to be north of the lake in 
areas of low populations and limited development pressures. Therefore, it is likely that the groundwater quality in at 
least some of these relatively pristine subwatersheds is also “Good". 

There were statistically significant differences in nitrate and chloride concentration when wells were grouped by 
land cover and depth (Figure 10). For example, both median chloride concentration and median nitrate 
concentration were highest in the shallowest wells. Median chloride concentrations were highest in developed 
areas, and median nitrate concentrations were highest in agricultural areas. The differences between median 
concentrations in differing land covers and well depth ranges may reflect differences in the settings of the well sites 
that were outside the scope of this analysis (e.g., differences in nitrate loadings from surface, and differences in 
subsurface conditions such as permeability of geologic units and in intensity of microbial activity).  

Although groundwater quality was assessed as “Good” for all lake basins except Lake Ontario, the distributions of 
chloride and nitrate concentrations were characteristically different among the basins and at various depths (Figure 
11). The median chloride concentration was significantly lower in Lake Superior basin than in other basins, and was 
much higher in Lake Ontario and Erie basins than in Lake Michigan and Huron basins. At shallower depths (i.e., in 
wells less than 20 metres deep), the median chloride concentration was highest in Lake Erie basin, and at greater 
depths (i.e., in wells between 20 to 40 metres deep) it was highest in Lake Ontario basin. The median nitrate 
concentration was slightly lower in Lake Ontario basin and slightly higher in Lake Michigan basin than in other 
basins. However, the Lake Erie basin had a median nitrate concentration significantly higher than other basins in 
shallow groundwater (i.e., in wells less than 10 metres deep).  

It is important to note that if only one of the two constituents that were combined for this sub-indicator (chloride 
and nitrate) was assessed individually, the results would be very different. For example, the “Poor” water quality 
assessment for the TW along the northeastern shoreline of Lake Huron was based on three sampling points that 
had elevated chloride but low nitrate. All three wells are located immediately adjacent to roads in relatively 
developed areas that were likely impacted by road salt. This example illustrates that different areas in the basin 
have different contaminant issues that may drive the overall assessment when combined into a multi-contaminant 
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approach. However, for reasons discussed in previous sections, it is informative to analyze both contaminants 
together, in particular, as it provides a more representative assessment of ambient groundwater quality in the Great 
Lakes basin with the inclusion of these two contaminants from multiple sources. Consequently, the addition of other 
chemicals/constituents in the future would likely affect the assessments. This may require explanation when 
comparing updated results (that include additional constituents) to earlier sub-indicator reports.   

Reported Trends of Chloride and Nitrate Concentrations in Groundwater in the Great Lakes 
Basin 
Over the past several decades, various studies and status reports have provided information about trends of 
chloride and nitrate in surface water and groundwater in the Great Lakes basin. Studies indicated that groundwater 
concentrations of chloride and (or) nitrate in most Great Lakes basin area had increased, both in the United States 
(DeSimone et al., 2014; Figure 12) and in Canada (Sawyer, 2009). Ongoing monitoring of water quality in Ontario 
has shown that chloride concentrations have increased in lakes and streams over the past several decades (Ontario 
Ministry of the Environment and Climate Change, 2016). 

In their effort to establish a methodology for trend analysis for this sub-indicator, Kilgour & Associates Ltd analyzed 
the test data from 24 municipal wells in Ontario that were sampled regularly between 1987 and 2017 as part of the 
MECP Drinking Water Surveillance Program. In their report, Kilgour & Associates Ltd (2018) reported nine different 
trends in the chloride and nitrogen data shown in Table 4. Many wells showed increasing chloride and nitrogen 
concentrations over time, but others exhibited decreasing trends. Though it is unknown how representative these 
results are with respect to the Great Lakes basin, the report provides valuable background that could support future 
trend analysis for this Groundwater Quality sub-indicator. 

Chloride 

Many studies throughout the United States side of the Great Lakes basin found that chloride levels in groundwater 
had increased on a decadal level (Bubeck et al.,1971; Kelly and Wilson, 2008). The USGS National Water-Quality 
Assessment (NAWQA) has evaluated various well networks across the United States for trends in chemical 
constituents. Well networks in the Lake Michigan, Huron and Erie basins all show an increasing trend in chloride 
(Lindsey et al. 2016, 2018). 

It is generally reported that chloride concentrations were highest in shallow groundwater (DeSimone et al., 2014; 
Thomas 2000a; Mullaney et al., 2009), and reflected the use of deicing salt, water softeners, and many other 
anthropogenic sources of chloride in urban and suburban areas (Bubeck et al.,1971; Kelly and Wilson, 2008; 
Warner and Ayotte 2014; Rayne et al., 2019; Minnesota Groundwater Association, 2020). In contrast, recent 
studies by Curtis et al. (2018, 2019) suggested that natural upwelling of brines was the primary cause for the 
elevated chloride concentrations observed in discharge areas across Lower Michigan. An important limitation of the 
State of Michigan’s groundwater chemistry database (WaterChem) that was used in these studies (Curtis et al., 
2018, 2019) was that it does not include well depth information. 

Findings on the Canadian side of the basin are similar. A decadal increase of chloride concentration in a watershed 
in Metropolitan Toronto was documented by Howard and Haynes (1993) and Perera et al. (2013). Their studies as 
well as Eyles and Meriano (2010) all indicated a connection between road salt impacted shallow groundwater and 
its discharge as springs and baseflow. The Ontario Ministry of the Environment (1998) reported that a high 
percentage of stream water quality monitoring stations along Lake Erie had increasing chloride concentrations 
“indicative of the significant amount of urbanization and development that has occurred in watersheds in southern 
Ontario since the early 1980s.” In some locations in southern Ontario, natural elevated concentrations of chloride in 
groundwater are associated with shales (brines) (e.g., Singer et al., 2003).  
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It was reported that chloride concentration in groundwater exceeded background level for 100 – 1,000 times in 
some urban springs and shallow waters in southern Ontario (Howard and Beck, 1993). The increase of chloride 
concentrations was attributed to road salts, landfill leachates, agricultural fertilizers and saline bedrock waters 
(Howard and Beck, 1993; Bowen and Hinton, 1998; Williams et al., 2000). Chloride concentration increases in 
groundwater and the link to urban growth and associated land uses were also noted at some municipal wells across 
southern Ontario (Sawyer et al., 2009; South Georgian Bay-Lake Simcoe Source Protection Committee., 2015; 
Credit Valley Conservation Authority, 2012, 2015; Central Lake Ontario Conservation Authority, 2015). 

Nitrate  

There are limited studies regarding trends of groundwater nitrate concentration, especially on a regional or basin 
scale. The USGS NAWQA program found no trend or increasing trends in nitrate in the Lake Erie and Lake Michigan 
basins (Lindsey et al. 2016, 2018). Gardner et al (2020) observed no distinctive trends of groundwater nitrate 
concentration at three sites with different hydrogeologic and land-use settings in the northeastern Lake Erie basin. 
The study indicated that the combination of climatic conditions, land-use pressure, and hydrogeologic setting 
played an important role in the characteristics of groundwater nitrate time-series trends. Similar to chloride, 
increasing nitrate concentrations have been reported in some municipal supply wells in southern Ontario (Credit 
Valley Conservation Authority, 2015; Ontario Conservation Authority, 2015).  

Some groundwater quality studies noted linkages between high levels of nitrate in groundwater and human 
sources, such as fertilizer, manure and septic systems (Hill, 1982; Sawyer, 2009; Thomas, 2000b). Others found the 
occurrence and concentration of nitrate in groundwater were directly proportional to well depth (i.e., higher in 
shallow dug or bored wells) and soil permeability (Goss et al, 1998). A water quality study of the glacial aquifer 
system in the northern United States found that nitrate above 10 mg N/L was also associated with oxidizing 
groundwater conditions (Erickson et al, 2019).  

Linkages 
Linkages to other Great Lakes sub-indicators include: 

● Treated Drinking Water – The groundwater quality sub-indicator only incorporates information about 
chloride and nitrate in ambient groundwater (i.e., untreated), whereas assessment of the quality of 
drinking water takes into consideration a much broader range of parameters in both surface water and 
groundwater.  

● Water Quality in Tributaries – This sub-indicator is based on the Water Quality Index (WQI), which is 
calculated using a total of eight parameters, including both chloride and nitrate concentrations in 
surface water. 

● Coastal Wetlands: Extent and Composition – Groundwater seeps into coastal wetlands, and some 
coastal wetlands are groundwater-dependent; the health of these ecosystems is influenced by the 
quality of groundwater discharging to them. 

● Nutrients in Lakes (open water) – Nutrients in groundwater that discharges to the lakes or to streams 
flowing into the lakes, may affect the nutrients in the lakes, especially in nearshore areas. 

● Land Cover – to some extent, the pattern of groundwater quality status appears to be associated with 
land-use and development patterns. Poorer groundwater quality tends to be in shallow wells in areas of 
urban and agricultural land cover. Additional statistical analysis is warranted to confirm linkages in 
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future reports. 

● Human Population – Similarly, poorer groundwater quality tends to be in areas that are more densely 
populated. Additional statistical analysis is warranted to confirm linkages in future reports. 

● Baseflow due to Groundwater. Groundwater discharge is a main component of baseflow, and the 
quality of this groundwater affects the quality of streams. 

● Water Levels – Changes in lake water levels could be linked to changes in groundwater quality, 
particularly in nearshore areas, and to changes in baseflow. 

● Precipitation Amounts – Changes in precipitation amounts could be linked to changes in baseflow and 
groundwater quality, in part by changing the depth of the water table and by affecting shallow 
groundwater flow systems and groundwater – surface water interaction.  

Future consideration of the above linkages may be useful in terms of demonstrating how regional groundwater 
quality patterns are related to surface water quality, habitats and various stressors.  

Future consideration could include how changes in climate, including changes in precipitation amounts/timing 
and/or in surface water temperatures, might indirectly impact this sub-indicator. The nature of such impacts is 
currently unknown.  

Assessing Data Quality  

Data Characteristics  Agree Neutral or 
Unknown 

Disagree Not 
Applicable 

Data are documented, validated, or quality-assured by a 
recognized agency or organization X    

Data are from a known, reliable and respected generator 
of data and are traceable to original sources X    

Geographic coverage and scale of data are appropriate to 
the Great Lakes Basin X    

Data obtained from sources within the United States are 
comparable to those from Canada 

 X   

Uncertainty and variability in the data are documented 
and within acceptable limits for this sub-indicator report 

X    

Data used in assessment are openly available and 
accessible Yes 

If Yes, please include URL: 
MECP PGMN groundwater quality data: 
https://data.ontario.ca/dataset/provincial-
groundwater-monitoring-network 

USGS data release: 
https://doi.org/10.5066/P9JT8PXS 
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Data Limitations 
The networks of monitoring wells that were used for this assessment differ on the United States and Canadian 
sides of the border. Specifically, the ages of the wells, their construction methods, and the criteria that were used for 
selecting these monitoring wells were different. Although the methods of chemical analyses used for the United 
States and Canadian data also differed, this is not likely to have had a substantial effect on the outcome of the 
assessment. 

The well construction and water quality dataset were compiled from several sources to obtain information on well 
depths and water-quality data. Organizations provided data voluntarily, so data density varies across the study 
area. Nitrate and chloride are not monitored equally across the study area. Therefore, the degree of assessment of 
individual constituents is not equal across the study area. Results from assessed areas cannot be directly 
generalized to unassessed areas. We performed reasonable quality assurance during data compilation to ensure 
that wells were less than 40 metres deep and that samples were of raw (untreated and unblended) source water. 
Exhaustive quality assurance across the myriad data sources was, however, outside of the scope of the study. 

This sub-indicator considers only two contaminants (nitrate and chloride) and is therefore not meant to capture all 
possible groundwater contamination issues or problems at a given location. Groundwater can be contaminated by 
many other substances including geologic source constituents (e.g., arsenic and manganese), human source 
constituents (e.g., petroleum compounds or organic pesticides), or other substances, such as pathogenic 
microorganisms. Also, the impact of some industrial sectors on groundwater quality is not well assessed by the two 
chemical constituents that have been selected (e.g., mining sector).  

The groundwater quality assessment is based on the available samples/wells, and this limitation resulted in major 
spatial data gaps (e.g., Lake Superior basin), which are discussed above. There appear to be wells in most places 
where development has taken place; however, some data that could be useful may not be readily accessible (e.g., 
private monitoring networks).  

Some zones in the Great Lakes basin may have shallow groundwater with high chloride concentrations that are 
controlled by hydrogeological/geochemical conditions. One approach to determining chloride source would be to 
look at chloride/bromide (Cl/Br) ratios, which holds some promise in terms of helping to distinguish between 
geologic versus anthropogenic chloride (e.g., derived from de-icing salt) (e.g., Thomas, 2000a; Panno et al. 2006; 
Katz et al., 2011). Zones with high chloride in groundwater from geologic sources might be particularly vulnerable to 
anthropogenic chloride contamination (i.e., even higher chloride concentrations), and in that sense could be still 
considered “Poor”. However, further research or literature review to see if such areas could support wetland or 
stream ecosystems that are adapted to higher chloride in the groundwater could be helpful. In future assessments, 
some analysis will be completed to determine how the datasets compare on the two sides of the international 
border (e.g., spacing of data, depth of wells, types of sampling and analytical methods) and original purpose of wells 
installed. Information about aquifers is not included in this assessment.  

Additional Information 
Potential for Future Trend Assessments  
In February 2018, in collaboration with MECP, ECCC initiated a project to support future development of the 
required trend assessments for this sub-indicator. Specifically, ECCC contracted Kilgour & Associates Ltd. to 
undertake the following four tasks: (1) conduct a literature review to establish the most appropriate method or 

13



 

 

 

STATE OF THE GREAT LAKES 2022 TECHNICAL REPORT 

methods for determining significant trends of nitrate and chloride concentrations in groundwater within the Great 
Lakes basin; (2) conduct the first stages of determining appropriate and relevant trend methods such as testing for 
normalcy; (3) apply selected method to a representative dataset of well groundwater quality data; (4) review 
software used to apply the selected methods and discuss the limitations, common errors and results of their 
application. The results of this contract work are now available for consideration for future trend assessments. 

Potential for Future Incorporation of Additional Data from other Sources to Address Gaps in 
Monitoring Networks 
In February 2017, ECCC contracted Waters Environmental Geosciences Ltd. to explore potential additional sources 
of groundwater quality information in portions of the Lake Superior, Huron and Ontario basins in the Province of 
Ontario. Data were retrieved from 31 additional wells, including nine wells in the Lake Superior basin and 22 wells 
in the Lake Huron basin. Fourteen of these 31 wells were “background” wells from landfill monitoring programs, 
assumed to be unaffected by landfill impacts. The other seventeen were municipal water supply wells, which were 
clustered in six urban areas (including cities and small communities). Based on the status criteria for this sub-
indicator, groundwater quality in the majority of the landfill monitoring background wells was “Good”, whereas the 
majority of the municipal water supply wells had “Fair” groundwater quality. For the municipal supply wells, nitrate 
concentrations were low, but chloride was often between 30 and 120 mg/L, which caused the “Fair” classification. 
These additional data identified by Waters Environmental Geosciences Ltd. (2017) were included in the current 
status assessment. However, due to its sparse distribution and the fact that there was significant clustering of the 
municipal water supply wells in urban areas, large spatial information gaps remain regarding groundwater quality in 
the Lake Superior and Lake Huron basins.   

For future consideration, Waters Environmental Geosciences Ltd. (2017) identified several potential data sources 
that could be used in the future to address these gaps. The key ones with data that would be updated in future 
(thus also useful for sub-indicator trend analyses) are additional “background” wells in landfill monitoring programs, 
and other monitoring wells used for Source Water Protection Programs and Municipal Groundwater Supply 
Systems. 

Additional work to consider includes: (1) identification of additional groundwater quality data sources relevant to 
the study area; (2) capturing and aggregating the data identified by Waters Environmental Geosciences Ltd. (2017); 
(3) creating a map depicting the geographic locations of all data captured; (4) documenting the feasibility of 
identifying and capturing data from the approximately 4,000 landfill sites in southern Ontario.  

Best Management Practices to Reduce Chloride and Nitrate 

Ongoing development of Best Management Practices (BMPs), including research and development, promotion and 
implementation, will potentially result in reduction of chloride and nitrate concentrations in groundwater in the Great 
Lakes basin. 

Various BMPs have been advanced to reduce fluxes of nitrogen (including nitrate) to groundwater from agricultural 
sources, such as avoiding excessive nitrogen loading (livestock manure, field applications of nitrogen for crops); 
proper storage of manure; timely applications of nitrogen for maximum crop uptake; and use of buffer strips in 
riparian zones. Some research has documented the successful implementation of such BMPs. For example, after a 
decade of implementing BMPs to reduce nitrate loading in Oxford County, Ontario, the average nitrate 
concentration in a municipal production aquifer dropped by about 50% (Rudolph, 2015).  

BMPs have also been developed to mitigate the impact of de-icing salts on the environment. For example, 
Environment Canada (2004) published a “Code of Practice for the Environmental Management of Road Salts,” 

14



 

 

 

STATE OF THE GREAT LAKES 2022 TECHNICAL REPORT 

which included a “Syntheses of Best Practices.” In July of 2018, Conservation Ontario released “Good Practices 
Guidance for Winter Maintenance in Salt Vulnerable Areas”, which includes guidance that currently focuses on 
protecting municipal drinking water sources that have high levels of sodium or chloride (Conservation Ontario, 
2018). Also, the Regional Municipality of Waterloo in Ontario implemented several salt reduction BMPs in 2003-
2004. Over the following 6-year period, a downward trend in chloride concentrations in shallow groundwater was 
documented in one municipal wellfield (Stone et al. 2010). In addition, some studies suggested optimizing water 
softener operation, especially in communities serviced by hard water, to reduce chloride contribution to shallow 
groundwater through septic systems (Strifling et al, 2017, Kyser and Doucette, 2018). 

However, further adoption of these practices would be beneficial, being mindful that it can take many years for 
changes in land management practices to positively impact shallow groundwater quality. 

Application to the Entire Great Lakes Basin 
Provided that sufficient data are available (based on professional judgement), the same approach as used for the 
lake watersheds and sub-watersheds is used to provide a groundwater assessment for the entire Great Lakes 
basin. In this case, all data for all five lake drainage basins will be included in the assessment.  

Main considerations for future assessments include:  

• Improving the status assessment approach to resolve the potential bias associated with the spatially 
unevenly distributed data points. 

• Determining the statistical approach to use in order to identify trends for the Great Lakes basin. 

• Considering the inclusion of other constituents to assess groundwater quality in future reports. Although 
phosphate has been a major focus in current assessments of surface water quality in the GLB, phosphate 
was not used as a constituent for this sub-indicator. Phosphate is generally much less mobile in the 
subsurface compared to nitrate and chloride. However, phosphate can be mobile in groundwater under 
some conditions, so it may be appropriate to include phosphate in future assessments.  

• Considering the inclusion and value of other chloride and nitrate surveillance data that are not part of 
ongoing monitoring programs in future reporting cycle to further address data gaps.  

The “USGS Online Mapper” (https://www.usgs.gov/news/usgs-online-mapper-provides-decadal-look-
groundwater-quality,) is an online interactive mapping tool that provides “summaries of decadal-scale changes in 
groundwater quality” across the United States, including areas in the Great Lakes basin (Lindsey et al. 2016, 2018). 
How the contaminated groundwater impacts and interacts with the water of the Great Lakes, in particular in the 
nearshore zone, requires a better understanding. 
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Source of data: Ontario Ministry of the Environment, Conservation and Parks, U.S. Geological Survey, Ontario 
Geological Survey and Oak Ridges Moraine Groundwater Program. 
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Geosciences Ltd., 2017). 

Figure 9. Cumulative percentage of wells screened above a given depth (metres below ground surface, mbgs). For 
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tests (0.95 level). There are also significant differences in chloride between the < 10 DEV wells and < 10 OT wells, 
and between the OT wells at shallowest depths (< 10 m) and those at depths 20 to < 30 m.  

Figure 11. Box whisker plots of chloride and nitrate (as N) concentrations in monitoring wells of individual lake 
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Table 1. Examples of standards and water quality objectives for some of the jurisdictions that are responsible for 
protecting human health and environmental water quality in the Great Lakes basin. Source: U.S. Environmental 
Protection Agency, Canadian Council of Ministers of the Environment, Health Canada, Ontario Ministry of the 
Environment, Conservation and Parks. 

.  

Jurisdiction  
Standard / guideline for chloride 

(milligrams per litre)  
Standard / guideline for nitrate 
(milligrams nitrogen per litre) 

U.S. Environmental 
Protection Agency 

230 
(chronic criterion for aquatic life = 
criterion continuous concentration) 

10  
(maximum contaminant level goal for 

drinking water) 

Canadian Council of 
Ministers of the 
Environment 

120 
(water quality guideline for the 

protection of aquatic life, freshwater 
concentration, long term) 

3  
(water quality guideline for the 

protection of aquatic life, freshwater 
concentration, long term) 

Health Canada ≤ 250  
(aesthetic objective) 

10  
(health based maximum acceptable 

concentration) 

Ontario Ministry of the 
Environment, Conservation 
and Parks 

250  
(aesthetic objective level) 

10  
(maximum acceptable concentration 

in drinking water) 
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Table 2. Summary of individual well data assessments for each Great Lake basin and all basins. Source: Ontario 
Ministry of the Environment, Conservation and Parks, U.S. Geological Survey, Ontario Geological Survey and Oak 
Ridges Moraine Groundwater Program. 

  

 
Total Number of 

Wells 

Assessed as 
"Good" 

Assessed as "Fair" Assessed as "Poor" 

# Wells % # Wells % # Wells % 

Superior 272 194 71.3% 60 22.1% 18 6.6% 

Michigan 2968 1582 53.3% 735 24.8% 651 21.9% 

Huron 1308 739 56.5% 318 24.3% 251 19.2% 

Erie 1084 511 47.1% 289 26.7% 284 26.2% 

Ontario 922 340 36.9% 292 31.7% 290 31.5% 

All Basins 6554 3366 51.4% 1694 25.8% 1494 22.8% 
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Table 3. Summary of areal data assessments by drainage basin for each Great Lake and all basins. Source: Ontario 
Ministry of the Environment, Conservation and Parks, U.S. Geological Survey, Ontario Geological Survey and Oak 
Ridges Moraine Groundwater Program. 

  

 

Total 
Number of 

Tertiary 
Watersheds 

Number of 
Tertiary 

Watersheds 
Assessed 

Areal Percentage of Lake Basin 
Basin-wide 
Assessment Assessed 

as "Good" 
Assessed 
as "Fair" 

Assessed 
as "Poor" 

Not Assessed 
("Undetermined") 

Superior 25 17 66.0% 34.0% 0.0% 48.1% GOOD 

Michigan 33 33 76.7% 23.3% 0.0% 0.0% GOOD 

Huron 38 35 62.0% 35.4% 2.6% 5.7% GOOD 

Erie 31 30 51.5% 47.6% 0.9% 2.6% GOOD 

Ontario 23 23 17.3% 82.7% 0.0% 0.0% FAIR 

All Basins 150 138 58.5% 40.6% 0.9% 14.6% GOOD 
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Table 4. Types of trends identified using MECP Drinking Water Surveillance Program data. Source: Kilgour & 
Associates Ltd. (2018) report  

Type of trend  
Number of wells with 

chloride data that 
followed this trend  

Number of wells 
with nitrogen data 
that followed this 

trend 

1. Linear increase  5 0 

2. Increase that flattened out over time  4 1 

3. Almost flat, very gradual increase  3 9 

4. Flat period followed by an increase  1 2 

5. Increase that leveled off, then resumed  3 0 

6. Decrease that flattened out over time 0 2 

7. Flat period followed by a decrease 4 4 

8. Increase followed by a decrease  4 3 

9. Decrease that leveled off, then resumed  0 3 
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Figure 1. Groundwater quality status in the Great Lakes basin is based on nitrate and chloride concentrations in 
shallow groundwater (based on measurements from 2000-2020 for wells ≤ 40 m below ground). A total of 6,554 
wells in the basin were included in the analysis. The groundwater quality was assessed as “Good” in 3,366 wells, 
“Fair” in 1,694 wells, and “Poor” in 1,494 wells. The shaded areas shown (see legend) indicate the status in the 
individual lake basins: fair in the Lake Ontario basin, good in the other four lake basins. See Figures 2 through 6 for 
details. Sources of data: Ontario Ministry of the Environment, Conservation and Parks, U.S. Geological Survey 
(Erickson and Wilson, 2021), Ontario Geological Survey, Oak Ridges Moraine Groundwater Program, and other 
Ontario sources (Waters Environmental Geosciences Ltd., 2017).  
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Figure 2. Assessment results for the groundwater quality sub-indicator for the Lake Superior basin (based on 
measurements from 2000-2020 for wells < 40 m below ground). Symbols indicate the results for individual 
monitoring wells. Sources of data: U.S. Geological Survey (Erickson and Wilson, 2021), Ontario Ministry of the 
Environment, Conservation and Parks and other Ontario sources (Waters Environmental Geosciences Ltd., 2017). 
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Figure 3. Assessment results for the groundwater quality sub-indicator for the Lake Michigan basin (based on 
measurements from 2000-2020 for wells ≤ 40 m below ground). Symbols indicate the results for individual 
monitoring wells. Source of data: U.S. Geological Survey (Erickson and Wilson, 2021). 
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Figure 4. Assessment results for the groundwater quality sub-indicator for the Lake Huron basin (based on 
measurements from 2000-2020 for wells ≤ 40 m below ground). Symbols indicate the results for individual 
monitoring wells. Sources of data: U.S. Geological Survey (Erickson and Wilson, 2021), Ontario Ministry of the 
Environment, Conservation and Parks, Ontario Geological Survey, other Ontario sources (Waters Environmental 
Geosciences Ltd., 2017). 
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Figure 5. Assessment results for the groundwater quality sub-indicator for the Lake Erie basin (based on 
measurements from 2000-2020 for wells ≤ 40 m below ground). Symbols indicate the results for individual 
monitoring wells. Sources of data: Ontario Ministry of the Environment, Conservation and Parks, Ontario Geological 
Survey and U.S. Geological Survey (Erickson and Wilson, 2021). 
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Figure 6. Assessment results for the groundwater quality sub-indicator for the Lake Ontario basin (based on 
measurements from 2000-2020 for wells ≤ 40 m below ground). Symbols indicate the results for individual 
monitoring wells. Source of data: Ontario Ministry of the Environment, Conservation and Parks, U.S. Geological 
Survey (Erickson and Wilson, 2021), Ontario Geological Survey and Oak Ridges Moraine Groundwater Program.  
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Figure 7. Criterion diagram for groundwater quality indicator status assessment. Source: Canadian Council of 
Ministers of the Environment. 
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Figure 8. Ternary diagram summarizing the individual well assessments for each lake basin (see Table 2). To 
improve clarity where symbols overlap, the symbols for two lakes are coloured blue. Source of data: Ontario Ministry 
of the Environment, Conservation and Parks, U.S. Geological Survey (Erickson and Wilson, 2021), Ontario 
Geological Survey, Oak Ridges Moraine Groundwater Program, and other Ontario sources (Waters Environmental 
Geosciences Ltd., 2017). 
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Figure 9. Cumulative percentage of wells screened above a given depth (metres below ground surface, mbgs). For 
example, for wells that had the depths of the screened interval defined in the database (491 of 6554 wells), about 
50% are potentially collecting groundwater from 12 metres or shallower; 70% from 20 metres or shallower. 
Sources of data: Ontario Ministry of the Environment, Conservation and Parks, U.S. Geological Survey (Erickson and 
Wilson, 2021), Ontario Geological Survey, Oak Ridges Moraine Groundwater Program, and other Ontario sources 
(Waters Environmental Geosciences Ltd., 2017).  
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Figure 10. Box whisker plots of chloride and nitrate (as N) in all wells included in this assessment by land cover and 
depth. While concentration ranges are large, median chloride declines with depth and is consistently highest in 
developed (DV) areas, and lowest in areas classified as “other” (OT). Median nitrate is highest in the shallowest 
wells (< 10) in agricultural (AG) areas. When grouped, there are statistically significant differences in nitrate at 
different depths for all land cover types, and between OT wells versus both DV and AG wells, based two-sample t-
tests (0.95 level). There are also significant differences in chloride between the < 10 DEV wells and < 10 OT wells, 
and between the OT wells at shallowest depths (< 10 m) and those at depths 20 to < 30 m. Box encompasses 25th 
to 75th percentile of data and whiskers the full range of data. Sources of data: Ontario Ministry of the Environment, 
Conservation and Parks, U.S. Geological Survey (Erickson and Wilson, 2021), Ontario Geological Survey, Oak 
Ridges Moraine Groundwater Program, and other Ontario sources (Waters Environmental Geosciences Ltd., 2017).   
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Figure 11. Box whisker plots of chloride and nitrate (as N) concentrations in monitoring wells of individual lake 
basins. The parameter concentrations are further presented in four sub-groups based on well depths (i.e., less than 
10 m, 10 to < 20 m, 20 to < 30 m, and 30 to < 40 m). Box encompasses 25th to 75th percentile of data and 
whiskers the full range of data. Sources of data: Ontario Ministry of the Environment, Conservation and Parks, U.S. 
Geological Survey, (Erickson and Wilson, 2021), Ontario Geological Survey, Oak Ridges Moraine Groundwater 
Program, and other Ontario sources (Waters Environmental Geosciences Ltd., 2017). 
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Figure 12. Maps illustrating decadal changes (from early 1990s to 2010) in chloride and nitrate concentrations in 
groundwater in the United States, including increasing chloride and nitrate concentrations in the vicinity of the Great 
Lakes. Source: DeSimone et al. (2014). 
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