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Assessment of Groundwater Quantity and Quality

Contributions to Lake Huron

By Bridget B. Kaemming, Chanse M. Ford, and Sherry L. Martin

Plain Language Summary

Lake Huron is one of the five Great Lakes and is solely
bordered by the State of Michigan on the U.S. side of the
lake. Nutrients like nitrate and chemicals like chloride
are commonly applied to the land surface in the form of
agricultural fertilizers and road salts. Nutrients and chemicals
can then be transported to downstream water bodies, such as
Lake Huron, through streams and groundwater flow. However,
neither the volume of groundwater nor the nutrients and
chemicals it contributes to Lake Huron are well understood.
As part of the Cooperative Science and Monitoring Initiative
program, the goals of this study were to assess how much
groundwater annually enters Lake Huron and identify if
groundwater may be causing nitrate or chloride contamination
to Lake Huron. In this study, we quantified groundwater
contributions to Lake Huron for drainage areas with similar
geology, analyzed existing datasets of groundwater quality
with respect to nitrate and chloride, and collected field
samples to compare to the other analyses. The results showed
that most of the groundwater entering Lake Huron came
from groundwater that discharges to streams that flow into
the lake, and smaller amounts of groundwater enter Lake
Huron through groundwater that directly discharges to the
lake shore. Chloride was found to be a greater contaminant
risk to Lake Huron because elevated chloride was identified
in many groundwater samples from both the bedrock and
glacial aquifers. Nitrate was less prevalent in the groundwater
samples analyzed. Most groundwater samples did not have
detectable levels of nitrate, and the samples that did were
primarily from groundwater in the glacial aquifer that lay
under agricultural areas.

Abstract

Lake Huron, one of the five Great Lakes, borders the
United States and Canada, with Michigan as the only U.S.
State on its shoreline. Like other freshwater lakes, it faces
water-quality challenges from nutrients and chemicals applied
across its drainage basin. Although past studies focused on
surface-water sources, groundwater contributions remain

less understood. To address this gap, the U.S. Geological
Survey, as part of the Cooperative Science and Monitoring
Initiative, classified drainage basins to Lake Huron into

eight hydrogeologic zones based on bedrock rock type and
glacial sediment transmissivity. Utilizing existing data and
empirical field data, we quantified groundwater discharge

and identified areas of concern for loading of chloride

and nitrate to Lake Huron. Groundwater contributions,
including indirect and shoreline discharge, ranged from 5.8 to
11.5 inches annually, totaling 1.9 cubic miles and 0.09 cubic
mile, respectively. Hydrogeologic zones with higher glacial
sediment transmissivity yielded greater indirect groundwater
discharge. Chloride levels above the U.S. Environmental
Protection Agency’s 250-mg/L recommendation were mainly
in the Saginaw lowlands, whereas nitrate above the 10-mg/L
standard was rare—found in only 11 wells. Together, the
analysis of where groundwater discharge is occurring in the
Lake Huron Basin and the identification of areas with potential
groundwater-quality concerns can help prioritize areas that are
critical to protecting the long-term health of Lake Huron.

Introduction

Groundwater is an important input to the Lake Huron
water balance (Granneman and others, 2000); however, the
quantity and quality of the groundwater have been largely
understudied. Groundwater plays a critical role in the water
quality of the lake because it can help buffer tributary
temperatures and pH (Granneman and others, 2000) and
transport nutrients and contaminants of concern to the lake
(Haack and others, 2005; Xu and others, 2021). With the
available studies and data, the Lake Huron 2022 to 2026
Lakewide Action Management Plan (LAMP) identified the
groundwater quality across the Lake Huron Basin as “good”
with low levels of nitrate and chloride (Environment and
Climate Change Canada [ECCC] and U.S. Environmental
Protection Agency [EPA], 2022). However, no long-term
trends in quality were assessed owing to a lack of data, and the
LAMP highlighted the need to better understand groundwater
flow within the basin (ECCC and EPA, 2022).
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The Cooperative Science and Monitoring Initiative
(CSMI) is a program under the Science Annex of 2012
Great Lakes Water Quality Agreement that facilitates
scientific research to provide monitoring and information for
environmental management (ECCC and EPA, 2022). CSMI
functions on a 5-year cycle and designates core research
priorities for each of the five Great Lakes. The 2022 CSMI
for Lake Huron included two priorities for groundwater in the
Lake Huron Basin, which are included in the 2022 to 2026
Lake Huron LAMP (ECCC and EPA, 2022). These priorities
address the need (1) to quantify groundwater inputs to Lake
Huron and (2) to evaluate the effects of groundwater quality
on physical, biological, and chemical processes in Lake Huron
(ECCC and EPA, 2022). This study, supported through a
partnership with CSMI, directly addresses the 2022 CSMI
goals related to groundwater.

The specific objectives of this study were to (1) classify
U.S. Lake Huron drainage basins using the bedrock and
glacial geologies, (2) estimate the amount of groundwater
discharging to Lake Huron from indirect discharge through
stream base flow and direct shoreline discharge for each
drainage basin within these geologic groups, (3) assess the
risk of chloride and nitrate contaminants being transported to
Lake Huron by groundwater using existing water-quality data,
and (4) “ground truth” the analyses results utilizing empirical
data collected for this study. This study leverages an approach
refined through earlier CSMI research in the Lake Superior
Basin (Nielsen and Martin, 2024). Better understanding of the
source of large groundwater contributions to the lake and the
areas in the basin with any groundwater-quality concerns can
help managers effectively allocate resources.

Description of Study Area

The U.S. section of the Lake Huron Basin (hereafter
referred to as the “Lake Huron Basin”), is located in the State
of Michigan in the midwestern United States (fig. 1). The Lake
Huron Basin for this study was defined as the total area of
the hydrologic unit code 8 (HUC-8) basins draining to Lake
Huron that were fully contained within the U.S. boundaries.
The basin drains approximately 15,375 square miles of land
from Michigan to Lake Huron and contains 684 miles of Lake
Huron coastline.

According to the Koppen-Geiger climate classification
system, the northern part of the Lake Huron Basin is
characterized as a humid, continental climate with mild
summers and year-round precipitation (Dfb climate group),
whereas the southern part of the basin is a humid, continental
climate with hot summers and year-round precipitation (Dfa
climate group) (Beck and others, 2018). The basin receives an
average of 32.7 inches of precipitation annually (PRISM and
Northwest Alliance for Computational Science & Engineering,
2022). Precipitation has been increasing from 1990 to 2020
and is projected to continue to increase with climate change
(Kessler and Fry, 2022). The average temperature during the

winter months (December through February) is 23.0 degrees
Fahrenheit and during the summer months (June through
August) is 67.1 degrees Fahrenheit (PRISM and Northwest
Alliance for Computational Science & Engineering, 2024).

The Lake Huron Basin is located within the Michigan
Basin (not shown), which consists of layers of sedimentary
rocks formed into a bowl shape in Michigan’s Lower
Peninsula and extending into parts of the Upper Peninsula
(Hoaglund and others, 2002). Subcropping units of Ordovician
to Jurassic bedrock are covered by thick Pleistocene glacial
deposits. These surficial deposits are thickest in the western
parts of the basin, thinning eastward toward the coastline
(Soller and Garrity, 2018). Together, the bedrock units and
glacial deposits make up a complex stratigraphy of aquifer
systems and confining units.

The primary aquifers across the Lake Huron Basin
include the sandstone Marshall aquifer (not shown), the
sandstone and carbonate Parma-Bayport aquifer (not shown),
the sandstone Saginaw aquifer (not shown), and the glacial
aquifer from glacial deposits (Westjohn and Weaver, 1998).
The glacial aquifer is the most heavily utilized aquifer across
most of the basin except near the coastline and Huron,
Tuscola, and Sanilac Counties (hereafter referred to as
the “Thumb”) of the Lower Peninsula of Michigan where
the glacial deposits are thin (Apple and Reeves, 2007).
Furthermore, the glacial aquifer is a series of aquifers within
the larger glacial deposits package but is often treated as one
aquifer system (Hoaglund and others, 2002). The Marshall
and Saginaw aquifers mainly consist of sandstone, whereas
the Bayport-Parma aquifer is a combination of limestone
and sandstone (Westjohn and Weaver, 1998). In addition to
the primarily sandstone bedrock aquifers, the limestone of
the Detroit River Group, Dundee Limestone, and Traverse
Group are accessed across a few northern counties in the
Lower Peninsula (Cathcart, 1982; Apple and Reeves, 2007).
Aside from the glacial aquifer, the primary aquifers in the
eastern end of the Upper Peninsula include the Jacobsville
Sandstone of Keweenawan Supergroup, the Prairie du Chien
Group, the sandstone of the Munising Formation, and the
Niagara Group, which includes the Engadine Dolomite, the
Manistique Dolomite, and the Burnt Bluff Formation (Apple
and Reeves, 2007).

Previous Studies

Although little research has specifically occurred on
groundwater flow in the Lake Huron Basin, groundwater-
flow models across the entire Michigan Basin and Great
Lakes Basin (not shown) have been constructed previously
(Hoaglund and others, 2002; Xu and others, 2021). Based
on these other studies, groundwater recharges across most
of the Lake Huron Basin and flows downward through the
glacial aquifer into the bedrock aquifers (Hoaglund and others,
2002). However, less surficial recharge occurs in the Saginaw
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States boundary draining to Lake Huron and the upstream and downstream sites where field measurements were collected.
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lowlands, and groundwater from the bedrock aquifers flows
upward and mixes with the shallow groundwater in this region
(Kolak and others, 1999; Curtis and others, 2018).

Lake Huron is a regional sink for groundwater (Xu and
others, 2021). Most of the groundwater flowing directly to the
lake system enters near the shoreline of the lake as opposed
to the offshore lakebed (Feinstein and others, 2010; Xu and
others, 2021); however, offshore springs do exist off the coast
of the northern Lower Peninsula (Ruberg and others, 2008).
Groundwater entering the lake near the shoreline occurs
either through direct shoreline discharge or indirectly through
groundwater discharge to streams and subsequent stream
discharge into the lake. The flux of groundwater to the lake
through indirect discharge in the form of base flow has been
determined to be much larger than that of direct shoreline
discharge (Hoaglund and others, 2002). Although these
regional studies provide some information on regional flow,
the current study seeks to provide more localized information
across the Lake Huron Basin to understand how groundwater
contributions to Lake Huron differ across the basin.

Groundwater-quality research and modeling with respect
to chloride and nitrate has also occurred across the State of
Michigan (Knights and others, 2017; Curtis and others, 2018;
Hamlin and others, 2020) or in small, localized areas of the
Lake Huron Basin (Kolak and others, 1999). The LAMP
designates the overall concentrations of chloride and nitrate
as “good” across the basin (ECCC and EPA, 2022). However,
high concentrations of chloride have been well-established
to exist (greater than 250 milligrams per liter [mg/L]) across
bedrock aquifers in Michigan, as deep brines with total
dissolved solids concentrations greater than 100,000 mg/L
exist in the bedrock (Long and others, 1988; Kolak and others,
1999). Specifically, upwelling of groundwater has resulted in
increasing groundwater salinization in the Saginaw lowlands
(Long and others, 2015; Curtis and others, 2019). Although
deep brines can be a major source of chloride in groundwater
in the Michigan Basin, chloride can also be introduced to the
groundwater through anthropogenic sources such as oil and
gas drilling, road salting, and septic systems (Kornelsen and
Coulibaly, 2014). Shallow groundwater discharging to streams
may be at a higher risk of contamination from anthropogenic
sources (Boutt and others, 2001). Although the chloride
concentrations aggregated across the entire basin may be
below current management thresholds, the research in this
report seeks to characterize the spatial distribution of chloride
in the glacial and bedrock aquifers across the Lake Huron
Basin using existing chloride data to better determine any
areas of concern.

Nitrate concentrations are generally higher in shallower
groundwater wells than deeper wells (Burrow and others,
2010) largely because groundwater contamination from nitrate
mainly originates from anthropogenic sources such as fertilizer
application, manure, and septic systems (Hamlin and others,
2022). As a result, many studies in Michigan have focused

on the threat of nitrate contamination in the glacial aquifer,

as opposed to bedrock aquifers (Luscz and others, 2015;
Hamlin and others, 2020, 2022; Martin and others, 2021). The
main source of nitrogen (N) to Lake Huron is from chemical
fertilizers, manure, and N fixation through legumes (Hamlin
and others, 2020). Luscz and others (2015) and Hamlin and
others (2020) illustrate that N loading is likely much larger in
the southern part of the basin, particularly in the Thumb of the
Lower Peninsula and the Saginaw lowlands. However, Hamlin
and others (2022) determined that groundwater concentrations
of nitrate in the Thumb are generally under the 10-mg/L
maximum contaminant level (MCL) established by the EPA.
The research in this report will expand upon the current
understanding of nitrate in the groundwater across the Lake
Huron Basin.

Purpose and Scope

The purpose of this report is to describe the
hydrogeology of the Lake Huron Basin, estimate the
groundwater contributions to Lake Huron through direct
and indirect discharge, and provide an assessment of the
groundwater-quality conditions with respect to nitrate and
chloride. Geologic and hydrologic data, compiled as part
of previous investigations, were used for characterizing
the hydrogeology in the Lake Huron Basin, estimating
groundwater contributions to the lake using a water-budget
approach, and assessing chloride and nitrate groundwater
concentrations across the basin. Field data were gathered to
ground truth base-flow data used in the water-budget analysis
and to gather more groundwater chloride and nitrate data.
This field collection was an additional part of the study that
sought to provide more background information for a potential
future groundwater model. However, the field data are not an
extensive part of this work, as it encompasses a small set of
sites. The report explains the methods used to characterize
geology in the basin into hydrogeologic zones using existing
surficial and bedrock geologic maps. The procedures are
then detailed for determining the water budget for each
of the hydrogeologic zones, and the results of the water
budget by hydrogeologic zone are presented. These results
include the indirect groundwater contributions to the lake
through base flow and the direct groundwater contributions
through shoreline discharge. Finally, this report details how
the groundwater chloride and nitrate data were cleaned and
analyzed to evaluate spatial trends across the basin. Chloride
and nitrate were selected for the water-quality analysis
because large datasets existed for both of these constituents,
and the State of the Great Lakes report and the LAMP report
(regional reports that provide a summary of indicators
including groundwater health) use metrics based on nitrate and
chloride (ECCC and EPA, 2022; Zhang and others, 2022).



Methods

The methods described in this section first classify
the subbasins of Lake Huron at the HUC-8 scale into
hydrogeologic zones. The hydrogeologic zones are used for
the remainder of the analysis to understand how water quantity
and quality vary across the basin. Water-budget calculations,
an evaluation of the distribution of wells in the bedrock and
glacial aquifers, and the spatial analysis of groundwater nitrate
and chloride across the basin are then detailed. The final
section of the methods describes the field methods used to
measure streamflow discharge and water-quality parameters.
The hydrogeologic zone classification, results of the water-
budget components, and summary of the water-quality
analysis can be accessed in the accompanying data release
from Kaemming and others (2026).

Hydrogeologic Characterization

The geology of the Lake Huron Basin was classified on
the basis of common properties to aid interpretations of the
water-budget and water-quality analyses. Three main data
sources were used to characterize the Lake Huron Basin into
hydrogeologic zones: (1) the Watershed Boundary Dataset at
the HUC-8 scale (USGS, 2023), (2) maps of bedrock geology
in Michigan (Milstein, 1987; Reed and Daniels, 1987), and (3)
a map of texture-based estimates of transmissivity (Bayless
and others, 2017). Hydrogeologic zones were delineated
within HUC-8 boundaries fully contained within the U.S.
domestic boundaries, creating 16 zones across the basin.

The bedrock maps from Milstein (1987) and Reed and
Daniels (1987) contained 32 unique geologic units within
the Lake Huron Basin. For this study, each geologic-map
unit was grouped by rock type and condensed into four
main categories — breccia, limestone, sandstone and shale
(fig. 2). The breccia group was composed of the Devonian
Mackinac Breccia. The limestone group consists of (in
ascending order): the Ordovician Prairie du Chien Group
[undivided]; the Ordovician Black River Group [undivided];
the Ordovician Trenton Group [undivided]; the Ordovician
Stonington Formation and Big Hill Dolomite (both of the
Richmond Group); the Silurian Manitoulin Dolomite of the
Cataract Group; the Silurian Burnt Bluff Group [undivided];
the Silurian Manistique Group [undivided]; the Silurian
Engadine Group [undivided]; the Devonian Bois Blanc
Formation; the Devonian Detroit River Group [undivided];
the Devonian Dundee Limestone; the Devonian Traverse
Group [undivided]; the Mississippian Bayport Limestone

Methods 5

of the Grand Rapids Group; and the Pennsylvanian Grand
River Formation. The sandstone group is composed of (in
ascending order): the Devonian Berea Sandstone and Bedford
Shale [undivided]; the Berea Sandstone (where separately
mapped); the Mississippian Marshall Sandstone; and the
Pennsylvanian Saginaw Formation. The units labeled as shale
were (in ascending order): the Ordovician Collingswood Shale
Member, Utica Shale Member, and Queenston Shale (all of
the Richmond Group); the Silurian Cabot Head Shale of the
Cataract Group; the Silurian Point aux Chenes Shale of the
Salina Group; the Devonian Bell Shale of the Traverse Group;
the Devonian Antrim Shale; the Devonian Ellsworth Shale;
the Devonian Bedford Shale (where separately mapped);
Mississippian Sunbury Shale; Mississippian Coldwater

Shale; the Mississippian Michigan Formation of the Grand
Rapids Group; and the Jurassic red beds. After the geology
was simplified, each HUC—8 was classified into one of these
bedrock categories based on the dominant rock type within
the HUC-8.

Glacial deposits cover most of the State of Michigan.
These deposits vary in thickness with the thickest located
near the northern center of the Lower Peninsula (fig. 3; Soller
and Garrity, 2018). Texture-based estimates of transmissivity
(Bayless and others, 2017) were used to characterize
the glacial deposits into areas of high, medium, and low
transmissivity (fig. 4). The average glacial transmissivity was
calculated for each HUC-8, and the average value was used to
classify each HUC-8 as high, medium, or low transmissivity,
where low transmissivity was less than 1,000 square feet per
day (ft?/d); medium was 1,000 to 2,000 ft?/d; and high was
greater than 2,000 ft?/d.

Each HUC-8 was then classified into one of the eight
total hydrogeologic zone classifications using the dominant
bedrock type and the overlying glacial deposit transmissivity
classification. The hydrogeologic zone classifications
were high transmissivity over sandstone (HTSa), medium
transmissivity over sandstone (MTSa), low transmissivity
over sandstone (LTSa), high transmissivity over shale (HTSh),
medium transmissivity over shale (MTSh), low transmissivity
over shale (LTSh), high transmissivity over limestone
(HTL), and medium transmissivity over limestone (MTL).
Low transmissivity over limestone would have also been
a hydrogeologic zone, but no zones met that classification.
Additionally, each HUC-8 was assigned a section number (for
example, MTL, section 1) that allowed for the differentiation
of HUC—8s with the same hydrogeologic classification (fig. 5).
These hydrogeologic zones were used for the subsequent
analyses.
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EXPLANATION

[Bedrock geology adapted from Milstein,
1987; Reed and Daniels, 1987]

Il Breccia
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[ Sandstone
Shale

—— - Hydrologic unit code 8 boundary
(U.S. Geological Survey, 2023)
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25 50 KILOMETERS

Base from U.S. Geological Survey digital data, various scales and dates

Political boundaries from U.S. Census Bureau, 2023, 2024, and Statistics Canada, 2016

Hydrography from Great Lakes Commission, 2024; Streams from McKay and others, 2012

Albers Equal-Area Conic projection, standard parallels 29°30" and 45°30" N.,central meridian 101° W.
North American Datum of 1983

Figure 2. Map of the bedrock geology categorized by rock type underlying the glacial deposits in the Lake Huron Basin.
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EXPLANATION

[Glacial deposit thickness from
Soller and Garrity, 2018]

—— - Hydrologic unit code 8 boundary
(U.S. Geological Survey, 2023)
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North American Datum of 1983

Figure 3. Map of the thickness of the glacial deposits, in feet, across the Lake Huron Basin, overlain by the hydrologic unit code 8
watershed boundaries.
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EXPLANATION

[Transmissivity from
Bayless and others, 2017]
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Figure 4. Mabp of the transmissivity of the glacial sediments, in square feet per day, in the Lake Huron Basin, overlain by hydrologic
unit code 8 watersheds.
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[Saginaw Lowlands digitized from
Hoaglund and others, 2002;
Thumb boundary adapted from
Michigan Department of Technology,
Management, and Budget, 2024]
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Figure 5. Map of the eight hydrogeologic zones assigned to the hydrologic unit code 8 watersheds in the Lake Huron Basin based on

their predominant bedrock type and average glacial deposit transmissivity.
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Water-Budget Analysis

An annual steady-state water budget was calculated
for each hydrogeologic zone to estimate the groundwater
contributions from the Lake Huron Basin into Lake Huron.
Terms of the water balance, which in this report are given
in units of inches per year, are displayed in equation 1. The
change in storage is assumed to be 0 from year to year during
the long term, so the precipitation is equal to the sum of base
flow, runoff, shoreline discharge, and evapotranspiration (ET).

AS=Precipitation—(GW ..t Runoff+GWe, ... tET) (1)

where
AS s the change in storage in a
hydrogeologic zone,
Precipitation  is the average annual precipitation,
GW uveee 18 the average annual indirect groundwater
discharge to Lake Huron via base flow
to streams,
Runoff  is the average annual runoff,
GWpreime 1S the annual direct groundwater discharge to

Lake Huron via shoreline discharge, and

ET  is the average annual evapotranspiration.

This analysis relied on preexisting datasets and models,
using multiple sources for each component when possible.
Owing to the limited availability of datasets, not all data have
the same period of record. If data were reported at an annual
time step, the data were analyzed for a trend at the Lake
Huron Basin scale using a Mann-Kendall test (Mann, 1945)
and were only included in the analysis if there was no trend.
Results of the water-budget calculations are available in the
accompanying data release (Kaemming and others, 2026).

Precipitation

The precipitation input to the model was the Parameter-
elevation Regressions on Independent Slopes Model
(PRISM) 30-year normal precipitation from 1991 to 2020
(PRISM and Northwest Alliance for Computational Science
& Engineering, 2022). The PRISM precipitation data were
available as a gridded dataset with an 800-meter grid cell
size. The precipitation was spatially averaged over each of the
hydrogeologic zones for this analysis.

Evapotranspiration

Three different ET models—Reitz and others (2017a,
2017b) and Wolock and McCabe (2018)—were averaged
to obtain an ET estimate for each hydrogeologic zone. The
dataset from Reitz and others (2017b) uses a Simplified
Surface Energy Balance model in combination with a water
balance model and spans from 2000 to 2015, whereas the
dataset from Reitz and others (2017a) uses a water balance

model to calculate actual ET with data spanning from 2000 to
2013. Wolock and McCabe (2018) also used a water balance
approach with data ranging from 1990 to 2015. Although

not all datasets have the same available years, the analysis

in this report assumed that the average across all available
years represents the steady state ET. The average annual ET
across the Lake Huron Basin was analyzed for an annual trend
through time using the Mann-Kendall test for each dataset, and
all three datasets had no significant trend.

The processing of each ET dataset was handled in the
same way, as each dataset was in a raster format. First, the
dataset was averaged through time. The ET data were then
averaged through space for each hydrogeologic zone. Finally,
the average ET was taken across the three estimates for each
hydrogeologic zone to be used in the water-budget analysis.

Indirect Groundwater Discharge

The indirect groundwater discharge through base flow
to streams was aggregated across four datasets: weighted
base-flow calculations from continuous streamgages
(U.S. Geological Survey [USGS], 2024b), a vector-based
geospatial dataset of recharge from Aichele (2005), recharge
from a Soil-Water-Balance (SWB) model (Trost, 2018), and
drain flow from a national shallow groundwater model (Zell
and Sanford, 2020). Multiple datasets were used to better
understand the uncertainty around the indirect groundwater
discharge component of groundwater to Lake Huron and
owing to the lack of USGS continuous streamgage data across
all of the hydrogeologic zones (fig. 6). Recharge from the
Aichele (2005) and SWB recharge datasets was assumed to
be equal to base flow for this analysis because the Aichele
(2005) dataset used base flow to estimate the recharge, and
the SWB recharge was calibrated to base-flow targets (Trost,
2018). The indirect groundwater discharge results from the
four datasets, or three datasets if no USGS streamgages were
present within a hydrogeologic zone, were averaged for each
hydrogeologic zone to obtain the final indirect groundwater
discharge estimate.

The base flow for 25 USGS streamgages across the
Lake Huron Basin (fig. 6) was calculated using five different
hydrograph separation methods. The streamgages used in
this analysis represent streamgages with no or minimal
flow regulations, more than 5 years of data between 1980
and 2022, and no trend in annual base flow according to a
Mann-Kendall trend test. Data were pulled from the National
Water Information System (NWIS; USGS, 2024b) and then
run through the DVstats package to perform hydrograph
separation (Lorenz and DeCicco, 2017). The methods for
hydrograph separation included application of the base-flow
index to overall discharge (Wahl and Wahl, 1995); hydrograph
separation program, HYSEP, with the sliding interval, local
minimum, and fixed interval methods (Sloto and Crouse,
1996); and the PART method, which uses streamflow
partitioning to estimate base flow (Rutledge, 1998).
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[Watersheds adapted from Falcone, 2011
and delineated from Chegini and others, 2021]
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corresponding streamgage minus
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North American Datum of 1983

Figure 6. Map of the U.S. Geological Survey streamgages in the Lake Huron Basin used for hydrograph separation and their
corresponding nested watersheds.
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The goal of this base-flow analysis was to estimate the
long-term average annual base flow for each hydrogeologic
zone using an area-weighted average of all the streamgages
within a given hydrogeologic zone. To achieve this goal, daily
base flow was averaged across the hydrograph separation
methods to obtain an average daily base-flow estimate for each
streamgage. Then, annual base flow was calculated from the
average daily base flow for each year. Watershed delineations
were obtained from the GAGES-II dataset (Falcone, 2011). If
a delineation was not available in the GAGES-II dataset, the
watershed was delineated using the Python package, pyNHD
(Chegini and others, 2021). Because multiple streamgages may
exist on the same river, one area of the watershed could be
counted several times when using an area-weighted approach
for the hydrogeologic zones. To address this limitation, the
watersheds were evaluated for any nesting, where an upstream
streamgage’s watershed would exist within the downstream
streamgage’s watershed, and the incremental watershed area
was then determined to be the difference between the two
watersheds (fig. 6). The annual base flow of an upstream
streamgage was then subtracted from the annual base flow of
the downstream streamgage. If streamgages did not overlap
for the full period of record, the average proportion of the
downstream to upstream streamgage was calculated and applied
to the remaining years for the downstream streamgage record.
The long-term average base flow was calculated for each
streamgage, and the indirect groundwater discharge, in inches
per year, was determined by dividing the long-term average
discharge by the area of the nested watershed. Finally, the base
flow for each hydrogeologic zone was determined by taking
the area-weighted average of all of the streamgages within a
watershed, where a streamgage with a watershed constituting
more area of the HUC—8 would receive more weight.

The recharge dataset from Aichele (2005) contains annual
recharge estimates, in inches per year, for each Public Land
Survey section across the State of Michigan. This analysis
assumed that the recharge in this dataset was equal to base
flow for an area because the recharge dataset assumed that
the base flow calculated from base-flow separation in gaged
basins was equal to the recharge in the basin. Aichele (2005)
then created a regression using the base-flow separation and
watershed characteristics to estimate the recharge across the
State. To calculate the indirect discharge for the water budget,
the recharge dataset was spatially clipped to each hydrogeologic
zone, and the recharge values were averaged across each zone.

The SWB model outputs used in this analysis contain
annual estimates of recharge for the glaciated United States
from 1980 to 2011 (Trost, 2018). No annual trend through
time was present in the dataset at the Lake Huron Basin scale
according to the Mann-Kendall test. The recharge values were
temporally and spatially averaged for each geologic zone to
obtain the steady state recharge value.

The Zell and Sanford (2020) model is a MODFLOW 6
(Langevin and others, 2017), steady state model simulating
shallow groundwater flow across the contiguous United States
from 1985 to 2015. The drain package was used in this model

to simulate streamflow, and any water flowing into the drain
cells was assumed to be base flow (Zell and Sanford, 2020).
Therefore, the drain cell (drain package) outputs were extracted
from the model and summed to obtain a raster of estimated
base flow for this model. The raster was then clipped to each
hydrogeologic zone, and the values were averaged.

Direct Shoreline Discharge

The model from Knights and others (2017) estimated
shoreline discharge to all the Great Lakes using a water-
budget approach commonly used to estimate groundwater
discharge to oceans. The work identified stretches of coastline
outside areas that contribute to stream base flow and assumed
recharge to this area would equal the direct shoreline discharge
(Knights and others, 2017). The model output from Knights
and others (2017) was the sole dataset used to estimate direct
shoreline discharge to Lake Huron, as no other datasets could
be identified. The coastline reaches from Knights and others
(2017) were spatially joined with the hydrogeologic zones
from this study. If a reach overlapped two zones, the reach was
manually assigned to one of the zones to ensure the reaches
were not double counted. The shoreline discharge calculated
for each coastline reach by Knights and others (2017) was
then summed across each hydrogeologic zone to obtain a total
shoreline discharge.

Runoff

Runoff for each hydrogeologic zone was estimated
using the average of two datasets. The first dataset used the
same USGS streamgage dataset from NWIS described in the
“Indirect Groundwater Discharge” section of the methods
(USGS, 2024b), and the second dataset was a modeled quick
flow runoff dataset from a contiguous United States scale water-
budget model (Reitz and others, 2017a). Not all hydrogeologic
zones contained USGS streamgages (fig. 6); therefore, having
an additional runoff dataset was necessary to be able to have
a runoff estimate from each hydrogeologic zone for the water-
budget calculations. If a hydrogeologic zone had both datasets,
the water-budget component represents the average of the
two. Otherwise, the runoff for the water budget was just the
calculation from the Reitz and others (2017a) dataset.

Runoff was calculated for the 25 streamgages using the
same area-weighted average approach described within the
“Indirect Groundwater Discharge” section. The runoff for each
streamgage was the difference between the average annual
base flow and the average annual total discharge. The same
caveats from the base-flow analysis apply to the runoff analysis,
where nested watersheds were used, and the incremental runoff
between streamgages was calculated.



The runoff data from Reitz and others (2017a) were
obtained as a long-term average raster from 2000 to 2013. The
data were spatially clipped to each hydrogeologic zone, and
the average runoff value across the hydrogeologic zone was
calculated.

Evaluation of Wells Within the Bedrock and
Glacial Aquifers

The number of groundwater wells within the bedrock
and glacial aquifers was analyzed to obtain a proxy for water
withdrawals across the aquifers in Michigan and to be used in the
water-quality analysis outlined in the next section. The well data
for this analysis were obtained from the Michigan Department of
the Environment, Great Lakes, and Energy (MI-EGLE) Wellogic
database (MI-EGLE, 2024c).

Quality control was performed on the Wellogic wells to use
wells that were active and contained complete well records. The
well dataset was filtered so that it did not include any inactive
and (or) plugged wells. Further data cleaning was performed to
remove wells with depths of 0 or 9999, well records that had
static water level flags designated by MI-EGLE, and wells with
static water levels deeper than the well depth. Finally, if a well
did not have a well depth, but it had the screen interval, the well
depth was set to the bottom of the screen. Additionally, the data
were checked to ensure the screen tops or bottoms, if present,
were not above land surface or deeper than the well depth. After
this quality control, 130,656 wells remained in the dataset.

Wells were then designated as screened in bedrock or
glacial material based on the well depth compared to the glacial
deposit thickness dataset from Soller and Garrity (2018) (fig. 3).
The raster of glacial deposit thickness was sampled at each well
location. If the depth of the well was greater than the glacial
deposit thickness, it was designated as bedrock; otherwise, the
well was defined as screened in glacial material. This analysis
assumed that glacial deposits started at the land surface for this
analysis and that the well depth was representative of the screen
depth. The well depth was used as opposed to the screen interval
because many wells included a well depth but had no screen
information.

Analysis of Chloride and Nitrate

Chloride and nitrate as nitrogen (N) data were obtained
for 1994 to 2023 from the Michigan WaterChem database,
which is a statewide water-quality database maintained by
MI-EGLE (MI-EGLE, 2024b). The water-quality samples
represent the constituents from tested drinking water wells
with coordinates; however, the samples do not have a
unique well identifier associated with them. Therefore, this
analysis spatially joined the WaterChem dataset with the
well dataset from the Michigan Wellogic database described
in the “Evaluation of Wells Within the Glacial and Bedrock
Aquifers” section to determine the spatial distribution of
chloride and nitrate as N in the bedrock and glacial aquifers.
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Quality Control of Water-Quality Data

The WaterChem data were quality assured through
a series of data quality criteria described below. Location
criteria were used as a first pass filter to screen out potentially
spurious data from the water-quality dataset. Any samples
with missing Global Positioning System coordinates were
removed from the dataset. Along with Global Positioning
System coordinates, each sample contained metadata on the
county and township where the sample was collected. If the
coordinates were not within the specified county or township,
the samples were removed from the analysis. The dataset was
checked to ensure the data fell within the specified timeframe
of 1994 to 2023. Notably, a few samples in both datasets were
marked as being collected in 1900, and these points were
removed from the analysis. Finally, the samples were assigned
a unique location identifier based on the coordinates to better
analyze locations with repeat samples.

Spatial Distribution of Chloride and Nitrate
Concentrations

The cleaned water-quality datasets were spatially joined
with the cleaned Wellogic data to help determine whether the
groundwater sample represented water from a glacial or bedrock
aquifer. The Wellogic wells were filtered for this analysis to
keep household and public water supply wells and wells with
an unknown use and to remove wells with a known use other
than for drinking water. The sample location needed to be within
328 feet (ft) (100 meters) of a well to be joined with it, and only
one unique sample location could match a well. If more than one
sample location joined with a well, then the sample closest to the
well was assigned the properties of that well. Well assignments
were quality controlled by ensuring that the well construction
date was older than the water sample date. If the well had no
construction date in the well record, the well and samples were
kept in the dataset.

The original goal for collecting these data was to establish
trends through time with repeat sampling; however, preliminary
analysis revealed that only 34 well locations had more than 10
samples for chloride and 121 well locations had more than 10
samples for nitrate. As a result, the samples were instead mapped
to better determine the distribution of wells that exceed the 250-
mg/L chloride water-quality recommendation (EPA, 2024a) and
the 10-mg/L nitrate as N water-quality standard (EPA, 2024b).
Although some wells did have multiple samples, only the most
recent sample at each well was mapped for this spatial analysis
to eliminate potential bias when looking at the distribution of
contamination across the basin. We chose the most recent sample,
as opposed to the maximum or mean value because we are
interested in current quality concerns and identifying the areas
where groundwater investigations could be focused.
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Field Campaign Design

In October 2024, a field campaign took place to collect
measurements of stream discharge and water-quality samples
across the Lake Huron drainage basins. All discharge and water-
quality samples are available from NWIS (USGS, 2024b). The
objective of this field data collection was to have empirical data
to compare with the results of the water-budget and water-quality
analyses conducted using existing data sources. Ten streams
in six of the hydrogeologic zones defined for this study were
selected; however, data were only collected at nine sites across
five hydrogeologic zones because there was insufficient flow
for discharge measurements at one site (fig. 1). Each stream
had two points of measurement, an upstream and downstream
site, which were located at least a mile apart and without any
tributaries between them. Measurements were collected during
the fall low-flow months when streamflow in the region becomes
primarily groundwater-driven. Measurements were only taken
when nearby streamgages were at or below the 25th percentile
of daily discharge for that day. Stream discharge measurements
at upstream or downstream sites were collected using an
acoustic Doppler velocimeter following the standard procedures
in Turnipseed and Sauer (2010). Upstream and downstream
discharge measurements were collected on the same day;
therefore, the change in discharge between the two sites signifies
the gain (or loss) to streamflow from groundwater.

In addition to the discharge measurements, discrete samples
were collected from upstream or downstream sites based on
site access. Results from these samples would be compared to
concentrations of chloride and nitrate as N in WaterChem wells
within the hydrogeologic zones. Samples were collected from
the centroid of the flow or the midpoint of the stream if flow
conditions were too low to identify the centroid. Unfiltered
chloride samples were collected directly into 100-milliliter
bottles and stored on ice. Unfiltered nitrate-nitrite samples were
preserved in the field and stored on ice. Samples were delivered
to and analyzed by Great Lakes Environmental Center, Traverse
City, Michigan, following the automated ferricyanide method
(SM 4500-C1 E, parameter code 99220) for chloride (American
Public Health Association, 2022a) and automated cadmium
reduction method (4500-NO3—F, parameter code 00620) for
nitrate-nitrite (American Public Health Association, 2022b).

The streamflow and water-quality data collected in the
field were analyzed in coordination with the water-budget and
water-quality analyses discussed in the “Water-Budget Analysis”
and “Analysis of Chloride and Nitrate” sections. The change in
discharge between the two measurement sites was compared with
the indirect groundwater discharge analysis to identify if larger
gains were present in the same regions of the basin that were
established to have higher indirect groundwater discharge to Lake
Huron. The chloride and nitrate-nitrite concentrations from the
stream samples were compared with the concentrations from the
groundwater wells in the WaterChem analysis that were in the
watershed upstream from the river sample to understand if the
concentrations in the river reflect the groundwater concentrations
in the watershed.

Groundwater Quantity and Quality
Contributions to Lake Huron

The Lake Huron Basin was categorized into
hydrogeologic zones, which were then used to create a water
budget and to better characterize the water quality with respect
to nitrate and chloride. This section of the report explains
the distribution of the hydrogeologic zones across the basin,
shares the estimated indirect and direct groundwater discharge
to the lake from the water-budget calculations, and explains
how nitrate as N and chloride groundwater concentrations vary
across the basin.

Hydrogeologic Zones

A map of texture-based estimates of glacial deposit
transmissivity (Bayless and others, 2017) was used to
classify the hydrogeologic zones into areas of high (greater
than 2,000 ft2/d), medium (1,000 to 2,000 ft3/d), and low
(less than 1,000 ft?/d) transmissivities. The average glacial
aquifer transmissivity for the hydrogeologic zones across
the Lake Huron Basin ranged from 241 to 3,701 ft*/d. High
and medium transmissivity hydrogeologic zones dominated
the northern part of the study area (fig. 5). Low glacial
transmissivity hydrogeologic zones were located along the
coastline of the Saginaw Bay and the Thumb of Michigan, and
transmissivity of the glacial deposits generally increased as the
hydrogeologic zones moved inland (fig. 5).

The bedrock geology was used to classify the HUC-8
zones into eight different hydrogeologic zones, which are
grouped by their dominant lithologies: limestone, shale,
and sandstone. The dominant bedrock type of the northern
and Lower Peninsula was limestone, leading to HTL and
MTL zones (fig. 5). Just to the south of the limestone was
predominantly shale, where zones were classified into HTSh
and MTSh. Finally, sandstone was the predominant bedrock
type in the Saginaw lowlands and the Thumb of the Lower
Peninsula (fig. 5). Zones along the Saginaw Bay coastline
were classified as LTSa, whereas zones inland were MTSa and
HTSa. Surrounding the sandstone were more shale zones of
HTSh and LTSh. All hydrogeologic zone types had more than
one HUC-S8 classified into each respective zone except for
LTSh located along the eastern coastline of the Thumb (fig. 5).

Water Budget

A water budget was calculated for each of the
hydrogeologic zones, with precipitation as the only input to
the zone and ET, indirect groundwater discharge via base
flow, direct groundwater discharge through the Lake Huron
shoreline, and runoff as the outputs. Multiple datasets were
used for the ET, indirect groundwater discharge, and runoff
terms to better understand the uncertainty. The goals of the
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Figure 7. Bar chart of the results of the evapotranspiration analysis, in inches per year, for each hydrogeologic zone in the Lake
Huron Basin, grouped by zone type with higher transmissivity zones to the left and lower transmissivity zones to the right.

water-budget analysis were to determine the total flux of
groundwater to Lake Huron and to better understand the
spatial distribution of groundwater delivery to the lake.

Variation of Water Budget Components with
Multiple Datasets

The ET did not vary widely across the different datasets
used in this analysis or across the basin. The datasets used to
calculate the ET for the water budget were Reitz and others
(2017a, 2017b) and Wolock and McCabe (2018). Overall, the
dataset that produced the highest average ET was Reitz and
others (2017b), but the average of all the datasets was within
0.3 inch per year (in/yr) of one another. The average standard

deviation across the hydrogeologic zones was 1.2 in/yr (fig. 7).

Zone LTSa2 showed the most variation in ET and had an
average of 21.4 plus or minus (£) 2.3 in/yr, whereas zone
MTLI1 had the least variation across the ET datasets with an
average ET of 21.7+0.3 in/yr (fig. 7). The average ET across

the hydrogeologic zones was 22.4 in/yr and ranged from
21.4 in/yr in zones LTSh1, HTL1, and LTSa2 to 24.1 in/yr in
MTSal (fig. 7).

The indirect groundwater discharge to Lake Huron varied
widely across the datasets used to calculate this component
and the hydrogeologic zones. The datasets used to estimate
indirect groundwater discharge were USGS streamgages from
NWIS (USGS, 2024b), Aichele (2005), Trost (2018), and Zell
and Sanford (2020). Five of the zones did not have USGS
streamgages (fig. 6); therefore, the other three datasets were
used to calculate the base flow for those zones. The NWIS
base-flow separation produced the largest and most variable
indirect groundwater discharge estimates with an average
of 8.3£2.9 in/yr across the hydrogeologic zones (fig. 8). The
smallest and least variable indirect groundwater discharge
estimates were from Trost (2018) and showed an average of
6.6%1.3 in/yr across the basin (fig. 8). The average standard
deviation in indirect groundwater discharge across the
hydrogeologic zones was 1.4 in/yr. Zones LTSh1 and LTSa2
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had the smallest average indirect groundwater discharge
contributions of 5.0+2.3 in/yr and 5.0+0.4 in/yr, respectively
(fig. 8). The largest indirect groundwater discharge estimate
was 11.4+2.8 in/yr in HTL2 (fig. 8).

The runoff estimates, calculated using USGS streamgages
(USGS, 2024b) and Reitz and others (2017a), indicated large
differences between the two datasets. Similar to the indirect
groundwater discharge calculations, five hydrogeologic zones
did not have runoff estimates from streamgages because no
streamgage dataset was available for those zones (fig. 6). In 7
of the 11 hydrogeologic zones with two datasets to estimate
runoff, the runoff calculated from NWIS streamgage data was
higher than Reitz and others (2017a) (fig. 9). The average

Assessment of Groundwater Quantity and Quality Contributions to Lake Huron

absolute difference between the two datasets was 0.94 in/yr.
The zone with the lowest difference between the two datasets
was LTSa2, whereas the zones with the greatest difference
were in MTShl and HTL2 (fig. 9). Overall, the hydrogeologic
zone with the greatest runoff was LTSa3 with a runoff of

5.7 in/yr, and the zone with the lowest runoff was HTSh2 with
an average of 1.6+1 in/yr.

Contributions of Each Water Budget Component

Precipitation, as determined from the PRISM dataset
(PRISM and Northwest Alliance for Computational Science
& Engineering, 2022), generally decreased from west to east

HTSa HTL HTSh MTSa

Indirect groundwater discharge, in inches per year

1 2 1 2 1 2 1

2

MTL MTSh LTSa LTSh

1 2 1 2 1 2 3 1

Section of hydrogeologic zone

EXPLANATION

[HTSa, high transmissivity over sandstone; HTL, high transmissivity over limestone; HTSh, high transmissivity over shale;
MTSa, medium transmissivity over sandstone; MTL, medium transmissivity over limestone; MTSh, medium transmissivity over shale;
LTSa, low transmissivity over sandstone; LTSh, low transmissivity over shale]

[ Base flow calculated from National Water
Information System streamflow data
(U.S. Geological Survey, 2024h)

Aichele, 2005
W Trost, 2018

Zell and Sanford, 2020

B Average

Figure 8. Bar chart of the results of the indirect groundwater discharge analysis for each hydrogeologic zone in the Lake Huron
Basin, grouped by zone type with higher transmissivity zones to the left and lower transmissivity zones to the right.
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Figure 9. Bar chart of the runoff analysis for each hydrogeologic zone in the Lake Huron Basin, grouped by zone type with higher
transmissivity zones to the left and lower transmissivity zones to the right.

across the basin. Precipitation was lower in the northeastern
part of the basin in zones MTL1 and 2 and MTSh1. The
average precipitation across the hydrogeologic zones ranged
from 30.7 in/yr in MTSh1 to 34.8 in/yr in HTSh1 (fig. 10).

ET was the largest output term in the water budget for
each zone and, on average, constituted 66 percent of the total
outputs (fig. 10). The average ET across the hydrogeologic
zones was 22.4 in/yr. Overall, the ET did not vary widely
across the basin.

Indirect groundwater discharge to Lake Huron through
base flow was the second largest output in the water budget
across the zones and was at least two times greater than the
direct shoreline discharge in each zone (fig. 10). The average
indirect groundwater discharge to Lake Huron across the
hydrogeologic zones was 7.5 in/yr. In general, the indirect
groundwater discharge to Lake Huron via base flow increased
in hydrogeologic zones as transmissivity of the glacial
deposits increased (figs. 10 and 11). Indirect groundwater

discharge constituted, on average, 25.6 percent of the total
outputs across zones with high transmissivity, 21.4 percent
across zones with medium transmissivity, and 17.1 percent
across zones with low transmissivity (fig. 11).

Runoff was the third largest water-budget component and
showed the opposite trend of indirect groundwater discharge
with respect to transmissivity (fig. 10). Hydrogeologic zones
with low transmissivity had the highest runoff, and high
transmissivity hydrogeologic zones had lower runoff. The
average runoff across the hydrogeologic zones was 3.7 in/yr.

The smallest component of the water budget was direct
shoreline discharge (fig. 10). Only eight of the water-budget
hydrogeologic zones had a shoreline discharge component
(fig. 12). LTSa3 has a small segment of shoreline along the
Saginaw Bay, but no shoreline discharge was calculated
because the shoreline reaches (from Knights and others
(2017)) overlapped with the adjacent hydrogeologic zones, so
the shoreline segments were assigned to those adjacent zones.
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Across the eight zones with shoreline discharge, the average
calculated direct shoreline discharge to Lake Huron was

2.7 percent of the water-budget outputs (fig. 12). The largest
contribution of direct shoreline discharge to Lake Huron was

3 in/yr in zone MTLI1 (fig. 12). The total volume of shoreline
discharge in each zone was directly correlated with the amount
of shoreline in the zone; the three hydrogeologic zones with
the most shoreline discharge (MTL1, LTSa2, and HTL1) had
the greatest shoreline discharge per length of shoreline (inches
per miles).

Assessment of Groundwater Quantity and Quality Contributions to Lake Huron

Wells Within the Bedrock and Glacial Aquifers

Across the entire basin, more wells were located in the
glacial aquifer than in the bedrock aquifers; however, not all
hydrogeologic zones followed this same trend. The entire
Lake Huron Basin showed about a 2:1 ratio of glacial to
bedrock wells, with 67.9 percent of wells being constructed
in glacial deposits and 32.1 percent in bedrock (table 1). Six
of the hydrogeologic zones did not follow the basinwide trend
and instead had close to or at least a 2:1 ratio of bedrock wells
to glacial wells (fig. 13). Only MTL1 had about an even split
of bedrock to glacial wells (fig. 13). Only a fraction of the
wells across the study area had samples of nitrate and chloride
(table 1).
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Figure 10. Bar chart of water-budget results for each hydrogeologic zone in the Lake Huron Basin, grouped by zone type with

higher transmissivity zones to the left and lower transmissivity zones to the right.
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Figure 11.  Map of indirect groundwater discharge to Lake Huron for each hydrogeologic zone.
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Figure 12. Map of shoreline discharge (direct groundwater discharge to Lake Huron) for each hydrogeologic zone in the Lake Huron
Basin.
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Figure 13. Bar chart displaying the percent of wells located in the glacial and bedrock aquifers for each hydrogeologic zone

across the Lake Huron Basin.

Hydrogeologic zones within the Saginaw Bay region and
the Thumb tend to have higher percentages of wells in the
bedrock. Hydrogeologic zones having predominantly shale
bedrock, independent of the glacial transmissivity, had at least
67 percent of the total wells in that zone finished in glacial
deposits (fig. 13; table 1). Zones that contained less coastline
and more land towards the western part of the basin had a
higher percentage of glacial wells than bedrock wells (figs. 13
and 5), which followed the trend of the thickness of the glacial
deposits increasing moving inland (fig. 3).

Water Quality
Chloride

The spatial analysis of chloride data from WaterChem
used the most recent sample from each of the wells in the
dataset. Of the 2,970 well locations with chloride data, 1,928
(65 percent) of the wells were in the glacial deposits and

1,042 (35 percent) were from the bedrock aquifers (table 1).
More of the most recent samples from bedrock wells had
concentrations greater than 250 mg/L than samples from
wells in the glacial deposits. One hundred (10 percent) wells
in the bedrock aquifers had chloride concentrations greater
than the 250-mg/L EPA drinking water recommendation

(fig. 14; table 2). Wells in eleven hydrogeologic zones had
concentrations higher than 250 mg/L in the most recent
chloride sample. The hydrogeologic zones with the highest
percentage of high concentration wells in the bedrock aquifer
were HTSal (38 percent), HTSa2 (14 percent), and LTSa2
(11 percent) (fig. 15; table 2). Seventy-three (3.8 percent)
wells in the glacial deposits had chloride concentrations
greater than 250 mg/L in their most recent sample. Samples
with concentrations greater than 250 mg/L were present in 10
hydrogeologic zones in the glacial aquifer (fig. 14; table 2).
The zones with the greatest percentage of high concentration
wells in the glacial aquifer were in HTSa2 (37 percent) and
HTSh1 (27 percent).
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Figure 14. Maps of groundwater chloride concentrations sampled from drinking water wells across the Lake Huron Basin. A, Glacial deposit wells. B, Bedrock wells.

44

uoany ayeq o0} suonnquiuo) Ayjenp pue Ayueng Ja}eMpunois) Jo JUaWSSasSy



Groundwater Quantity and Quality Contributions to Lake Huron

23

T T T T T T T T T T T T T T
10,000 — HTSa HTL HTSh MTSa MTL MTSh LTSa LTSh |
C 9 ]
- 332 i
- . 31 v -
342
R ¥ o 55 3 i
[ ]
1,000 — T = h —
“F 31 o 17 55 3
- C 34 29 3
2 - 8 o ° —
5 104 M 105 o |
o — 4= | — - - —_— —_— —_—— e - — —_ — — = - - - - - - — — = — 4 ) —
E - 16 @ £ .
- o [ ]
o | I 1720 2
= 100 — . 7 | —
£ C i - L - 3
= '_ . ]
@ B o — i
=]
= 2
S B ° 15 | - _
5 B 1 7]
o T
10 — -" —
C ° ]
- ® p—
L —
E I I I I I I I I I I I I I I I E
1 2 1 2 1 2 1 2 1 2 1 2 1 2 3 1
Section of hydrogeologic zone
EXPLANATION
[HTSa, high transmissivity over sandstone; HTL, high transmissivity over limestone; HTSh, high transmissivity over shale;
MTSa, medium transmissivity over sandstone; MTL, medium transmissivity over limestone; MTSh, medium transmissivity over shale;
LTSa, low transmissivity over sandstone; LTSh, low transmissivity over shale]
Bedrock aquifer 104 Sample size
Glacial aquifer e Qutlier
— — 250 milligrams per liter Largest value within 1.5 times
U.S. Environmental interquartile range above
Protection Agency 75th percentile
threshold 75th percentile
(U.S. Environmental . ]
Protection Agency, 50t|(1“!):(;::::)t|le Interquartile
2024a) range
25th percentile
Smallest value within 1.5 times
interquartile range below
25th percentile
Individual observation—
Insufficient number of
values to create a boxplot.
Glacial aquifer data symbol
is green, bedrock aquifer
data symbol is tan
Figure 15. Boxplots of groundwater chloride concentrations above the detection limit (4 milligrams per liter) sampled from glacial

and bedrock wells for each hydrogeologic zone in the Lake Huron Basin (n=1,918).
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Table 1.

Summary of the distribution of wells from the Wellogic database (Michigan Department of the Environment, Great Lakes, and

Energy, 2024c) and wells that contain nitrate and chloride samples (Michigan Department of the Environment, Great Lakes, and Energy,

2024b) in the glacial and bedrock aquifers.

[NA, not applicable]

Number of wells

From Wellogic

With nitrate samples With chloride samples

Hydrogeologic zone Section
In the glacial In the In the glacial In the In the glacial In the
deposits bedrock deposits bedrock deposits bedrock
High transmissivity over 1 8,956 17,848 147 495 147 506
sandstone (HTSa) 2 16,250 974 347 30 344 31
High transmissivity over 1 35 579 0 8 0 8
limestone (HTL) 2 3,258 1,679 43 31 44 32
High transmissivity over 1 11,028 152 501 11 496 11
shale (HTSh) 2 12,209 273 235 9 228 8
Medium transmissivity 1 22,337 5,407 319 81 319 78
over sandstone (MTSa) 557 4,860 14 129 14 131
Medium transmissivity 1 1,232 1,435 37 29 34 29
over limestone (MTL) 2 834 492 14 3 14 ]
Medium transmissivity 1 3,713 784 41 11 41 11
over shale (MTSh) 2 6,620 1,930 202 53 198 51
Low transmissivity over 1 585 2,129 11 34 11 33
sandstone (LTSa) 2 109 2,562 3 85 3 84
3 98 385 1 6 1 6
Low transmissivity over 1 907 439 34 15 34 15
shale (LTSh)
Total NA 88,728 41,928 1,949 1,035 1,928 1,042
Nitrate Bedrock samples had even fewer detectable

Of the 2,984 well locations with nitrate data, 1,949
(65 percent) of the wells were in the glacial deposits and
1,035 (35 percent) were from the bedrock aquifers (table 1).
However, most of the samples from the glacial deposits and
the bedrock were below method detection levels (fig. 16;
table 3). More wells in the glacial deposits than the bedrock
had samples with concentrations above method detection
levels (fig. 16). Only 8 wells in the glacial aquifer and 3 wells
in the bedrock aquifers had the concentration of the most
recent sample from the wells be above the 10-mg/L maximum
contaminant level (fig. 16; table 3).

Only 13 percent of wells in the glacial deposits had
samples with a nitrate concentration above the method
detection level (table 3). The greatest concentration
detected was 21.3 mg/L (fig. 17). The hydrogeologic zones
with samples from the glacial deposits containing nitrate
concentrations exceeding the 10-mg/L as N drinking water
standard were HTSh1, HTSh2, and MTSh2 (fig. 17).

concentrations of nitrate than glacial samples, with only

3 percent of wells containing nitrate concentrations above
method detection levels. Furthermore, 3 bedrock wells had
samples greater than the EPA drinking water standard (fig. 16;
table 3), with the highest result being 55.4 mg/L. The zones
with bedrock detections exceeding the MCL were MTSh2,
MTSa2, and LTSa2 (fig. 17).

Field Work

Initial results from the field data collection campaign
indicated some expected differences in groundwater discharge
based on the geologic zone in which the field sites were
located. Distance between upstream and downstream sites
ranged from approximately 1.11 river miles to 8.71 river
miles, with an average of 3.64 river miles. Five rivers had
increasing discharge amounts between the upstream and
downstream sites (table 4). The South Branch Au Sable River
discharge increased by 7.9 cubic feet per second (ft*/s; 13.1
percent of total discharge), the Sturgeon River discharge
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Table 2. Summary of groundwater samples for chloride (Michigan Department of the Environment, Great Lakes, and Energy, 2024b,
2024c) across all hydrogeologic zones and the corresponding sections in the glacial and bedrock aquifers.

[mg/L, milligram per liter; NA, not applicable]

Glacial Bedrock
Hydrogeologic zone Section Censored Concentration Concentration Censored Concentration Concentration
value less than greater than value less than greater than
250 mg/L 250 mg/L 250 mg/L 250 mg/L
High transmissivity over 1 43 98 6 164 304 38
S oI (A1) 2 118 199 27 0 17 14
High transmissivity over 1 0 0 8 0 0
limestone (HTL) 2 29 15 16 16 0
High transmissivity over 1 164 312 20 2 5 4
shialls (E11h) 2 123 104 1 0
Medium transmissiv- 1 96 216 7 23 49 6
ity over sandstone 2 5 9 68 58 5
(MTSa)
Medium transmissivity 1 14 20 0 12 17 0
over limestone (MTL) b 7 7 0 6 0
Medium transmissivity 1 19 21 1 3 1
over shale (MTSh) 2 71 123 4 17 28 6
Low transmissivity over 1 1 8 2 2 23 8
sandstone (LTSa) 2 0 1 3 29 44 11
3 0 1 0 4 2
Low transmissivity over 1 5 26 3 10 5
shale (LTSh)
Total NA 695 1,160 73 357 585 100

increased by 22 ft*/s (11.8 percent of total discharge), the
East Branch Maple River discharge increased by 1.01 ft*/s
(83.5 percent of total discharge), the Pigeon River discharge
increased by 2 ft*/s (2.3 percent of total discharge), and the
South Branch Flint River discharge increased by 2.4 ft*/s (3.8
percent of total discharge). These sites were located in high
transmissivity zones and were distributed across all three
bedrock rock types (limestone, shale, and sandstone). The
distance between measurement sites at these rivers ranged
from the shortest distance in the study (South Branch Au
Sable River, 1.11 river miles) to the longest (Sturgeon River,
8.71 river miles). The remaining sites were located in zones
with a variety of transmissivities and bedrock types and had
either no changes to discharge amount or slight decreases.
All water-quality samples met the 250-mg/L chloride
water-quality recommendation (EPA, 2024a) and the 10-
mg/L nitrate-nitrite as N water-quality standard set by the
EPA (EPA, 2024b). Chloride concentrations ranged from
4.4 to 80 mg/L (table 5). Concentrations were higher in the
South Branch Flint River and Flint River sites (table 5; fig. 1),

which are in the same hydrogeologic zones with multiple
groundwater chloride samples above the 250-mg/L standard
(fig. 14). Nitrate-nitrite concentrations ranged from less than
0.013 to 2.34 mg/L as N, and concentrations above 1 mg/L
were measured in the Pine and Flint Rivers (table 5).

Discussion

This study sought to quantify the groundwater
contributions to Lake Huron and identify areas of potential
groundwater-quality concern that could have implications
for the lake, as outlined in the CSMI 2022 priorities (ECCC
and EPA, 2022). The Lake Huron Basin was divided into
subbasins by HUC-8, and each zone was categorized into a
hydrogeologic zone classification. Water budget and water
quality were then analyzed for each hydrogeologic zone. This
section discusses the interpretation of the findings from these
analyses.
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B. Bedrock

Figure 16. Maps of groundwater nitrate concentrations sampled from drinking water wells across the Lake Huron Basin. A, Glacial sediment wells. B, Bedrock wells.
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Figure 17. Boxplots of groundwater nitrate as N concentrations above the detection limit (0.4 milligram per liter) sampled from bedrock
and glacial wells for each hydrogeologic zone in the Lake Huron Basin (n=279).
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Table 3. Summary of groundwater samples for nitrate (Michigan Department of the Environment, Great Lakes, and Energy, 2024b,
2024c) across all hydrogeologic zones and the corresponding sections in the glacial and bedrock aquifers.

[mg/L, milligram per liter; NA, not applicable]

Glacial Bedrock
Zone Section Censored Concentration  Concentration Censored Concentration Concentration
values less than greater than 10 values less than greater than 10
10 mg/L mg/L 10 mg/L mg/L

High transmissivity 1 143 4 0 491 4 0

over sandstone 2 314 33 0 30 0 0

High transmissivity 1 0 0 0 7 1 0

over limestone 2 24 19 0 24 7 0

High transmissivity 1 440 57 4 11 0 0

over shale 2 180 54 1 8 1 0

Medium transmissivity 1 307 12 0 79 2 0

over sandstone ) 12 0 126 ) 1

Medium transmissivity 1 31 0 28 1 0

over limestone 2 10 0 8 0 0

Medium transmissivity 1 29 12 0 8 3 0

over shale 2 170 29 3 49 3 1

Low transmissivity 1 7 4 0 33 1 0

over sandstone 2 3 0 0 33 1 1

3 1 0 0 6 0 0

Low transmissivity 1 30 4 0 13 2 0
over shale

Total NA 1,701 240 8 1,004 28 3

Discussion of Hydrogeologic Zones

The hydrogeologic zones were developed to create a way
to spatially visualize the analytical results and to contextualize
the results of the regional geology. By incorporating bedrock
type and surficial geologic differences (transmissivity), we
were able to examine the relative influence each of these
geologic components has on the groundwater inputs to Lake
Huron and the groundwater quality. The classification of the
hydrogeologic zones showed that the most northern part of
the basin has generally glacial deposits of medium to high
transmissivity and is underlain by limestone or shale (fig. 5).
The zones in the southern part of the basin had a wider range
in transmissivities, with low transmissivity glacial deposits
located along the coastline of Saginaw Bay (fig. 5). These
southern zones were generally underlain by sandstone, which
includes the Marshall Sandstone and the Saginaw Formation.
Generally, the surficial geology had more influence on how
much groundwater discharged to Lake Huron streams than
the bedrock geology. The bedrock geology appeared to have
a strong influence on the groundwater quality with respect
to chloride, whereas the geology did not appear to be as
influential with nitrate, but this is largely due to the lack of
nitrate in groundwater across the basin. The hydrogeologic

zones are useful for capturing the regional trends across the
Lake Huron Basin, but they cannot show the more local
variations that are likely within each hydrogeologic zone.

Comparison of Groundwater Discharge to Lake
Huron with Other Studies

One of the stated CSMI 2022 list of priorities was to
quantify groundwater discharge to Lake Huron (ECCC
and EPA, 2022). A water budget was calculated for each
hydrogeologic zone in the basin to estimate the indirect and
direct groundwater contribution to Lake Huron as well as
to provide information regarding the spatial variability of
groundwater contribution to Lake Huron.

Our analysis assumed that the indirect groundwater
discharge was equal to base flow, and we calculated the
indirect groundwater discharge across the hydrogeologic zones
as a discharge per unit area. Estimated base-flow values can
vary depending on the method used for base-flow separation
or to predict base flow (Mao and others, 2024). The indirect
groundwater discharge component of the water budget was
calculated as an average of four different datasets and helps
to indicate the range of the potential indirect groundwater
discharge in each of the zones. Although the average value
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Table 4. Discharge and gain/loss measurements collected from streams across the Lake Huron Basin.

[Streamflow data from U.S. Geological Survey, 2024b; dates shown in month/day/year format; USGS, U.S. Geological Survey; ft3/s, cubic foot per second]

Upstream Downstream Date Upstream Downstream Gain/loss Gain/loss (percent
Stream name USGS site USGS site measured streamflow streamflow (fs) of downstream
number number (ft3/s) (ft3/s) streamflow)

Sturgeon River 04127998 04128010 10/21/24 164 186 22 11.8

East Branch Maple 04127977 041279774 10/21/24 0.2 1.21 1.01 83.5
River

Pigeon River 04129500 04129510 10/21/24 85.2 87.2 2 2.3

Ocqueoc River 041321508 041321511 10/22/24 14.5 14.4 —0.1 -0.7

East Branch Au 04135560 04135565 10/22/24 17.8 16.3 =15 —-9.2
Sable River

South Branch Au 04135685 04135687 10/23/24 524 60.3 7.9 13.1
Sable River

Pine River 04154600 04154610 10/23/24 35.8 34.9 -0.9 -2.6

South Branch Flint 04146057 04146060 10/23/24 61.3 63.7 2.4 38
River

Flint River 04149000 04149010 10/23/24 259 259 0 0

Table 5. Concentrations of chloride and nitrate-nitrite as nitrogen samples from streams across the Lake Huron Basin.

[Water-quality data from U.S. Geological Survey, 2024b; mg/L, milligram per liter]

Stream name Chloride Nitrate-l_litrite
(mg/L) (mg/L as nitrogen)

Sturgeon River 14 0.205
East Branch Maple River 4.4 0.013
Pigeon River 8.4 0.076
Ocqueoc River 4.8 0.016
East Branch Au Sable River 5.5 0.138
South Branch Au Sable River 14 0.112
Pine River 19 1.22

South Branch Flint River 51 0.37

Flint River 80 2.34

among the datasets is the same as was used in the water budget
calculation, there was an average standard deviation of 1.4 in/
yr. The range of indirect groundwater discharge can provide
more insight into the uncertainty around this component of the
water budget.

Together, direct and indirect groundwater discharge to
Lake Huron accounted for 68 percent of all the land-based
water sources to the lake, but the water budget analysis
revealed that the indirect groundwater discharge to Lake
Huron is much larger than direct shoreline discharge. Across
the basin, indirect groundwater discharge delivered 1.9 cubic
miles of water annually and direct shoreline discharge
delivered 0.09 cubic miles annually. Similarly, indirect
groundwater discharge was larger than the direct shoreline
discharge across all hydrogeologic zones—even those with

long shorelines that deliver larger amounts of shoreline
discharge, such as MTL-1 and LTSa-2 (fig. 12). Hoaglund
and others (2002) determined similar results showing that
groundwater primarily discharges to Lake Huron by way
of base flow, as opposed to directly discharging to the lake
through shoreline. Furthermore, groundwater constituted an
average of 66 = 10 percent of the total streamflow, which
was consistent with the findings from Neff and others (2005)
that indicated groundwater discharge to streams across the
Great Lakes Basin was between 40 and 75 percent of the
total streamflow. The average direct shoreline discharge for
hydrogeologic zones with shoreline discharge as a percent
of the outputs was 2.7 percent but ranged from 0.01 to

8.8 percent (fig. 12). Our results, which used data from the
Knights and others (2017) model, were slightly greater than
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Xu and others (2021), who determined that shoreline discharge
was 1.1 percent of the supply to Lake Huron. Although
the direct shoreline discharge was small compared to other
components of the water budget, this form of discharge can
have a large effect on water quality relative to the total volume
of water contributed given its direct contact with the lake
(Kornelsen and Coulibaly, 2014; Knights and others, 2017,
Baer and others, 2019).

Geology has been known to have a strong influence
on groundwater discharge to streams (Tague and Grant,
2004; Neff and others, 2005). The indirect groundwater
discharge calculated in this study was positively correlated
with the average transmissivity of the hydrogeologic
zone. Furthermore, this study indicates that indirect
groundwater discharge varied spatially across the basin, with
higher groundwater discharge to streams located in high
transmissivity zones in the northern or inland parts of the
basin (fig. 11). Neff and others (2005) also determined that
groundwater discharge to streams is higher in the northern
or inland parts of the basin. The northern and inland parts
of the watershed consist of thick, coarse textured glacial
deposits (fig. 3; Soller and Garrity, 2018), which contribute
to these regions being characterized as high and medium
transmissivity zones.

Assumptions and Limitations of the Water
Budget Approach

The water budget for this analysis assumed that the
system was at steady state, where the inputs would equal the
outputs, and the storage was not changing. However, only six
of the hydrogeologic zones had inputs within 1 inch of the
outputs (fig. 10). All zones with a difference greater than 1 in/
yr had outputs greater than the inputs. The zones HTL1 and
MTLI had the greatest difference, with the outputs being 3.4
and 2.8 in/yr greater than the inputs, respectively. Compared
to datasets used to calculate indirect groundwater discharge
for HTL2, the hydrograph separation of USGS streamgages
produced appreciably higher values, bringing up the average
value (figs. 8). On a broader scale, error in the analysis may
be present owing to the lack of temporal alignment between
the input datasets. The input datasets were tested to ensure
there was no trend through time and that the temporal ranges
of the datasets shared some overlap; nonetheless, additional
uncertainty is present when using data with varying time
periods. Finally, the lack of alignment with inputs and outputs
may also be due to inflows or outflows to the watersheds
not accounted for in the equation, potential groundwater
transfers owing to groundwater boundaries not aligning with
the HUC-8 boundaries, ET being overestimated in the water-
budget approaches (fig. 7; Reitz and others, 2017a, b; Wolock
and McCabe, 2018), and groundwater pumping not being
included in the output terms.

Discussion of Distribution of Wells in Glacial
and Bedrock Aquifers

Examination of the distribution of groundwater wells
from the Wellogic dataset (MI-EGLE, 2024c¢) within the
bedrock and glacial sediments provides context for the overall
use of the different aquifers across the basin and was used to
aid the WaterChem analysis. Most of the wells in the Wellogic
dataset were domestic wells. Zones HTSal, MTSal, and
HTSa2 had the most wells (table 1), indicating that a large
population may rely on domestic groundwater wells in these
zones. Overall, more wells were present in the southern half
of the basin, where there is a greater population density. More
wells were present in the bedrock compared to the glacial
deposits in the Saginaw Bay and Thumb regions of Michigan.
The percentage of wells in the glacial deposits tended to
increase with increasing thickness of glacial deposits (figs. 3
and 13). The number of wells with water-quality samples
was much smaller than the overall number of wells from the
Wellogic dataset (table 1), and more samples were available in
zones with more wells.

Evaluation of Chloride Concentrations

This analysis of groundwater chloride data sought
to contributing to addressing the CSMI 2022 priority of
evaluating the effects of groundwater quality on physical,
biological, and chemical processes in Lake Huron (ECCC
and EPA, 2022). Although this work did not address how the
groundwater quality affects the variety of processes in Lake
Huron, it did identify areas in the Lake Huron Basin with
potential groundwater-quality concern. In tandem with the
water-budget analysis, which shows the regions of the basin
with more groundwater discharge to Lake Huron, this work
can help identify where contaminants in the inland part of the
basin may be transported to the lake.

Overall, a higher percentage of bedrock wells when
compared to the glacial wells had chloride concentrations
greater than 250 mg/L even though more samples were
collected in the glacial deposits (fig. 14). Bedrock wells in
hydrogeologic zones within the Saginaw lowlands and Thumb
regions of the basin contained a higher percentage of chloride
samples above the 250-mg/L drinking water recommendation
when compared to the rest of the basin (figs. 5 and 14). Zones
HTSal, HTSa2, and LTSa2 are all located in the Saginaw
lowlands and Thumb region (fig. 5) and contained 63 percent
of the total samples greater than the 250-mg/L threshold. The
Saginaw Lowland and Thumb regions have been documented
to contain high chloride levels from upwelling brines in the
deep bedrock (Kolak and others, 1999; Long and others, 2015;
Curtis and others, 2018). Furthermore, these hydrogeologic
zones have sandstone as the primary bedrock type and
overlie the Saginaw and Marshall aquifers, both of which
can contain saline water throughout areas of the Saginaw
lowlands (Westjohn and Weaver, 1996; Apple and Reeves,



2007). Zone HTSal also contains a large area of urban land
use/cover (fig. 18; USGS, 2024a), which is prone to high
loads of road salt contamination (fig. 19). The bedrock in
zone HTSal is covered by thinner glacial deposits (fig. 3)
with a high transmissivity (fig. 4), meaning that road salt may
rapidly move through the glacial deposits and contaminate
the bedrock. Only one bedrock well in the northern part of the
basin contains elevated levels of chloride, and this region is
not a documented area of upwelling from deep brines. Leaky
oil and gas wells can also be a source of high concentrations
of chloride (Curtis and others, 2018) and may be related to
localized high chloride concentrations given their presence
across the northern Lower Peninsula (MI-EGLE, 2024a).
Chloride concentrations exceeding 250 mg/L in the
glacial deposits were predominantly observed in the southern
portion of the study area. However, sampling density was
greater in the southern part of the basin when compared to the
northern half. Chloride contamination in wells in the glacial
deposits likely originates from multiple sources, given that
wells in the glacial deposits are susceptible to geogenic and
anthropogenic stressors. A geogenic source of chloride in the
glacial deposits may be from upwelling of brines for wells
in the Saginaw lowlands (Kolak and others, 1999). Stanton
and others (2017) determined that brackish water was present
in many wells between 50 and 500 ft deep throughout the
southern region of the Lake Huron Basin owing to evaporites
in the bedrock. Given that the depth of wells in the glacial
deposits with chloride samples ranges from 18 to 396 ft deep,
glacial wells may also be facing contamination from deep
bedrock brines. Glacial deposits are, additionally, prone to
contamination from anthropogenic sources, such as road
salt, septic systems, fertilizer application, and brines from
mineral, oil, and gas wells (Kelly and others, 2012; Kornelsen
and Coulibaly, 2014). For example, wells with high chloride
concentrations in zone HTSh1 appear to be in agricultural
areas just outside of an urban area (fig. 18). These wells are
likely facing contamination mostly from road salt deicing on
major roads near the urban area (fig. 19; Bock and others,
2018), but fertilizers, such as potassium chloride or manure,
that are spread on row crops can contribute some amount of
chloride contamination (Mullaney and others, 2009; Kelly and
others, 2012). For example, in Illinois, manure contamination
has led to elevated chloride concentrations of 57 mg/L (Panno
and others, 2006), and potassium chloride application resulted
in concentrations ranging from 10 to 37 mg/L (Kelly and
others, 2012). Additionally, Michigan allows counties to
spread brines on dirt roads for ice control in winter months
and dust control in dry, summer months (Pasciolla, 2023).
Therefore, it is likely that rural areas in zone HTSh1 may face
contamination from this source as well.
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Evaluation of Nitrate Concentrations

Overall, groundwater concentrations of nitrate as N were
low in the WaterChem dataset (MI-EGLE, 2024b), with only
13 percent of wells in the glacial deposits and 3 percent of
bedrock wells with concentrations above the detection limit
(fig. 16). Additionally, only 0.4 percent and 0.3 percent of
wells in the glacial deposits and bedrock, respectively, had
concentrations above the MCL of 10 mg/L (fig. 17; table 3).
The low number of wells with elevated levels of nitrate as
N correlates with previous studies of nitrate concentrations
in domestic and public supply wells in Michigan (Hamlin
and others, 2022) and across the continental United States
(Ransom and others, 2022), predicting groundwater nitrate
concentrations of less than 1 mg/L for most of the Lake
Huron Basin.

However, previous studies indicated high loadings of
nitrogen in intensive agricultural regions like the Thumb
and the Saginaw lowlands (fig. 18; Luscz and others, 2015;
Hamlin and others, 2020; Zhan and others, 2024). The low
concentrations in many of the wells may be better explained
by the well depths than estimates of surficial nitrogen loads.
The WaterChem dataset consists of primarily drinking water
wells, which may be drilled deeper into the subsurface
than potential nitrate contamination. Well depth is a strong
predictor for nitrate presence, given that most nitrogen
sources come from the land surface (MacLeod and others,
1995; Burrow and others, 2010; Wheeler and others, 2015;
Uddameri and others, 2020; Ransom and others, 2022).
Atmospheric deposition and anthropogenic inputs are the
primary sources of nitrogen to the landscape (Luscz and
others, 2015; Hamlin and others, 2020), meaning nitrate would
likely be greater in surficial deposits than the deeper bedrock
deposits (Zhan and others, 2024). Therefore, the deeper wells
used in this study would be expected to have even lower
concentrations than expected.

The most prolific contribution of nitrogen to the
landscape across Michigan is through agricultural inputs of
chemical fertilizers, manure, and nitrogen fixation in legumes
(Luscz and others, 2015; Hamlin and others, 2020). The
wells with detections above the 10-mg/L MCL were mainly
present in agricultural regions of the watershed (figs. 16 and
18) and in regions that have previously been predicted to
have higher nitrogen loads (Luscz and others, 2015). Higher
nitrate concentrations were also present in zones with higher
transmissivity (table 3). Given that nitrate inputs are largely
at the land surface, a higher transmissivity allows for the
nitrate to be transported through the groundwater system more
quickly (Zhan and others, 2024).

Despite the glacial deposits having more wells with
nitrate detections, nitrate was detected in the samples from
bedrock wells. The presence of nitrate in the bedrock wells
is likely due to the regional groundwater-flow system where
groundwater recharges at the surface and flows downward
to the bedrock (Hoaglund and others, 2002). The downward
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EXPLANATION

[HTSa, high transmissivity over sandstone;
HTL, high transmissivity over limestone;
HTSh, high transmissivity over shale;
MTSa, medium transmissivity over sandstone;
MTL, medium transmissivity over limestone;
MTSh, medium transmissivity over shale;
LTSa, low transmissivity over sandstone;
LTSh, low transmissivity over shale]

[National Land Cover Database data
modified from U.S. Geological Survey, 2024a]

LTSa  Hydrogeologic zone and
section abbreviation
Land use type
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Agriculture
Wetland

Hydrologic unit code 8 boundary
(U.S. Geological Survey, 2023)
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Base from U.S. Geological Survey digital data, various scales and dates

Political boundaries from U.S. Census Bureau, 2023, 2024, and Statistics Canada, 2016

Hydrography from Great Lakes Commission, 2024; Streams from McKay and others, 2012

Albers Equal-Area Conic projection, standard parallels 29°30" and 45°30" N.,central meridian 101° W.
North American Datum of 1983

Figure 18. Map of the land use and land cover across the Lake Huron Basin with the hydrologic unit code 8 overlain. Land use and
land cover data from the National Land Cover Database (U.S. Geological Survey, 2024a).
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EXPLANATION

[HTSa, high transmissivity over sandstone;
HTL, high transmissivity over limestone;
HTSh, high transmissivity over shale;
MTSa, medium transmissivity over sandstone;
MTL, medium transmissivity over limestone;
MTSh, medium transmissivity over shale;
LTSa, low transmissivity over sandstone;
LTSh, low transmissivity over shale]

[2019 Road salt data from

Bock and others, 2018]
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section abbreviation
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North American Datum of 1983

Figure 19. Map of the 2019 road salt application (Bock and others, 2018) across the Lake Huron Basin overlain by the hydrogeologic
zone boundaries.
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flow of water from the glacial deposits to the bedrock may

be particularly relevant where glacial deposits are thin,
making the bedrock aquifer more susceptible to contaminants
introduced at the land surface (Borchardt and others, 2021).
The three wells in the bedrock with concentrations exceeding
10 mg/L (fig. 16) are located in agricultural areas with
thinner glacial deposits (fig. 3). However, understanding the
migration of the nitrate from the surface to the bedrock is still
challenging, given the three-dimensional flow of groundwater
and the lack of hydrogeologic zones existing with a high
prevalence of glacial and bedrock wells with nitrate samples
(fig. 16).

Limitations of the Water Quality Assessment

Although the WaterChem dataset (MI-EGLE, 2024b)
has a vast spatial coverage of the Lake Huron Basin, there
were still locations in the study area that were not as well-
represented in the dataset, especially in the northern part of
the basin, which lacked a dense coverage of either bedrock
or glacial wells (figs. 14 and 16). There were also few
hydrogeologic zones that had many wells in the bedrock
and in the glacial deposits (fig. 13; table 1), which posed
a challenge for interpreting the pathway of high nitrate
concentrations in bedrock wells. Furthermore, many of the
wells lacked multiple samples, making it challenging to
establish trends through time.

One potential limitation of this analysis was that the
WaterChem dataset consists of samples from deeper drinking-
water wells rather than shallow observation wells, which may
make the data less representative of nitrate contamination
across the basin or shallow groundwater systems that control
localized flow paths to streams. In this study, the average
well depth was 95 ft (ranging from 18 to 396 ft) in the glacial
deposits and 210 ft (ranging from 30 to 540 ft) in the bedrock.
Yang and others (2025) determined that most groundwater
flow to streams across the basin occurs through groundwater
that is less than 328 ft (100 meters) deep, but the study did
not account for the heterogeneity and thick clay lenses found
in the glacial deposits across the Lake Huron Basin (MI—
EGLE, 2024c). The heterogeneity creates preferential flow
paths and perched systems, which can affect the delivery of
contaminants to streams. Given that nitrate is mainly from
anthropogenic sources and atmospheric deposition (Luscz
and others, 2015), and nitrate concentrations are correlated
with well depth (MacLeod and others, 1995), this dataset may
not fully represent shallow groundwater concentrations of
nitrate. Fewer groundwater samples from the shallow system
may be less concerning for the chloride concentrations,
because a large quantity of chloride in the Saginaw lowlands,
particularly, stems from deep brines (Long and others, 2015).

Field Data Interpretation

Broader interpretations of groundwater contribution to
Lake Huron from the water-budget analysis were confirmed
by the empirical data collected during the field campaign.

Of the nine streams measured, the five streams showing
increasing discharge attributed to groundwater were located
in high transmissivity surficial materials. However, there
was no correlation with latitude because these sites were
located in southern and northern zones across the study area.
The proximity to the lake shore also indicated no correlation
with groundwater discharge to the streams in the field data,
with neither the closest site to Lake Huron (Ocqueoc River;
about 8.5 miles) or the farthest river (East Branch Au Sable
River; about 68 miles) showing groundwater contributions to
streamflow, with the furthest site showing slight loss of stream
water between upstream and downstream sites.

The stream samples for water quality revealed that
chloride and nitrate-nitrite as N concentrations in streams
largely reflect the range of concentrations observed in the
WaterChem dataset for the stream’s contributing area.

Most, if not all of the water samples, were likely from the
groundwater given that these samples were collected during
base-flow drought conditions. Hydrogeologic zones with
generally lower concentrations of chloride in wells also had
lower concentrations in stream samples (table 5; fig. 15). The
sites with slightly higher concentrations of chloride (greater
than 50 mg/L) were the South Branch Flint River and Flint
River (table 5). Both of these rivers are located within HTSal,
which has multiple wells with elevated chloride concentrations
(fig. 14). The main branch of the Flint River had the highest
chloride concentration of 80 mg/L. The main branch of the
Flint River sampling location was near the outlet of the

entire HUC—8 and reflects the chloride concentration in wells
across the entire watershed. For HTSal, the median and mean
concentrations of chloride for wells with detectable chloride
in the glacial deposits were 24 and 73 mg/L, respectively,

and in the bedrock were 41 and 104 mg/L, respectively. The
Flint River field site is also in proximity to a bedrock well
with chloride concentrations above the EPA water-quality
recommendation (EPA, 2024a). The proximity of the field

site to wells with elevated concentrations illustrates that Flint
River likely receives groundwater contributions from the
bedrock and glacial deposits given that the concentration in
the river is between the concentration values of the two aquifer
settings.

The low concentrations of nitrate-nitrite detected in the
stream samples reflects the generally low or below detection
limit concentrations observed with the WaterChem dataset
(MI-EGLE, 2024b). The Pine and Flint Rivers had the highest
nitrate-nitrite concentrations, although these concentrations
were still low (less than 2.5 mg/L; table 5). The Pine River had
multiple glacial wells with detectable nitrate as N in proximity
to the stream sampling location. Interestingly, nitrate as N was
largely not detected in wells across the HTSal zone where the
Flint River sampling location was located. However, nitrate as



N contamination is possible given the large area of agricultural
land within the upstream catchment of the sampling site
(fig. 18). Overall, the concentrations of chloride and
nitrate-nitrite in the stream samples reflect the groundwater
concentrations in wells of the broader hydrogeologic zone.
Although the observable data collected in the field
confirms some of the results from the water-budget and
water-quality analyses, it must be recognized that point
measurements of streamflow on one day in time can only
be used to aid in interpretation of the water-budget results.
The measurements were collected when this region was
experiencing drought conditions, so any observable changes
to streamflow can confidently be attributed to groundwater
influence. However, to rely more heavily on these data for
standalone interpretations, more intensive data collection
efforts would need to be undertaken to measure more streams
and during a much longer timeframe.

Synthesis of Quantity of Groundwater Discharge
and Water Quality Effects to Lake Huron

Using the water-budget calculations and the analysis
of the spatial distribution of nitrate as N and chloride
groundwater concentrations can help inform future research
in the basin. The indirect groundwater discharge component
of the water budget quantifies groundwater discharge to
streams across the whole basin and provides a mechanism
for contaminants from the inland part of the basin that can be
transported to the lake. Hydrogeologic zones in the northern
and western parts of the Lake Huron Basin had higher
transmissivity and contributed greater amounts of indirect
groundwater discharge (fig. 11), making it possible for
these areas to contribute greater loads of contaminants. The
hydrogeologic zones in the northern part of the basin generally
showed lower amounts of contamination; however, fewer
samples were available.

The southern part of the basin, especially in the Saginaw
lowlands, had a spread of wells with high concentrations of
chloride (fig. 14). Although the hydrogeologic zones in the
Saginaw lowlands had, on average, lower indirect groundwater
discharge than the northern hydrogeologic zones (fig. 11),
the streams in these zones outlet water to the Saginaw Bay,
highlighting that this area of the lake may be vulnerable
to chloride contamination. Additionally, the groundwater
contributions to streams are likely from glacial deposits across
the region unless the glacial deposits are thin. The wells in the
glacial deposits across this region are subject to geogenic and
anthropogenic chloride contamination, but the contribution of
each source is not well constrained. Few groundwater models
have occurred within the bounds of the Lake Huron watershed
(Nielsen and Sterner, 2023), and given that most groundwater
enters the lake by way of indirect discharge, a future
groundwater model of the basin could be developed to track
groundwater-flow paths to streams to better identify areas of
the basin that are contributing to contamination of the lake.
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Nitrate, generally, was not detected across the basin;
however, the amount of agricultural lands in the basin (fig. 18)
suggests that more nitrate than detected could be present.
Previous work has identified high loading of nitrogen in the
southern part of the basin (Luscz and others, 2015; Hamlin
and others 2020), but this area also generally has a lower
transmissivity (fig. 4), suggesting that nitrate may be slower
to spread through the groundwater here. As a result, the
basin could benefit from continued monitoring of nitrate and
nested sampling at locations with known nitrogen inputs to
better understand downward transport to the groundwater.
Furthermore, the northern part of the basin was vastly under
sampled compared to the southern area and could benefit from
more extensive sampling, given nitrate as N was detected in
more than 20 percent of the samples in zones HTL2, MTSh1,
and HTSh2.

Summary

Lake Huron, like the four other Great Lakes, faces
potential water quality challenges resulting from nutrients
and chemicals applied to the landscape, then moving to
the lake through groundwater and surface water pathways.
However, the groundwater contributions of water and these
potential contaminants to Lake Huron are understudied. The
U.S. Geological Survey (USGS), as part of the Cooperative
Science and Monitoring Initiative (CSMI), conducted
this study to address some of the knowledge gaps around
groundwater contributions to Lake Huron from Michigan,
the only U.S. state bordering the lake. Specifically, this
research sought to contribute to the CSMI 2022 goals of (1)
quantifying groundwater contributions to Lake Huron and
(2) understanding the effects of groundwater on biological,
chemical, and physical processes on ecosystems. To achieve
this, the study objectives were to (1) classify U.S. Lake
Huron drainage basins using bedrock and glacial geologies,
(2) estimate the amount of groundwater discharging to Lake
Huron from indirect discharge through stream base flow and
direct shoreline discharge within these geologic groups, (3)
assess the risk of chloride and nitrate contaminants transported
to Lake Huron by groundwater using existing water quality
data, and (4) “ground truth” the analyses results utilizing
empirical data collected for this study. The findings from these
study objectives can aid resource managers in the Lake Huron
Basin in understanding the potential role of groundwater for
contaminant introduction to the lake.

The first step to addressing the CSMI goals was
categorizing drainage basins at the hydrologic unit code 8
scale in the Lake Huron Basin into hydrogeologic zones based
on bedrock geology and glacial deposit transmissivity. A
water budget for each zone, which utilized existing data, was
then calculated to understand indirect groundwater discharge
through base flow and direct groundwater discharge through
shoreline discharge to Lake Huron.
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Our study indicates that groundwater is an important
component of the water budget of Lake Huron. Indirect
groundwater discharge through base flow in streams delivers
an average of six times more water to Lake Huron than direct
shoreline discharge. Indirect groundwater discharge from the
Lake Huron Basin delivers an average of 7.5 inches per year
(a total of 1.9 cubic miles annually) of water to the lake, with
high transmissivity zones delivering an average of 1.7 and
3.3 inches more water than medium and low transmissivity
zones, respectively. Together, direct and indirect groundwater
discharge to Lake Huron accounted for 68 percent of all the
land-based water sources to the lake.

Chloride and nitrate as N data from the Michigan
Department of the Environment, Great Lakes, and Energy
WaterChem database was processed and joined with Michigan
Department of the Environment, Great Lakes, and Energy
Wellogic well data to illustrate the distribution of chloride and
nitrate concentrations across the glacial and bedrock aquifers.
The most recent sample from the WaterChem dataset for
each well was used to identify areas of current water-quality
concern and to eliminate bias when discussing the spatial
distribution. Chloride concentrations greater than the 250
milligrams per liter U.S. Environmental Protection Agency
recommendation were more prevalent in the bedrock wells,
where geogenic brines are upwelling from deep bedrock
sources. Elevated concentrations of chloride in wells in the
glacial deposits were also present, primarily in the Saginaw
lowlands and Thumb of Michigan, and these wells face
inputs from anthropogenic and geogenic sources. Nitrate as
N, however, had more non-detections than samples above the
detection method levels. For detected nitrate as N, the wells
in the glacial deposits had more detections and concentrations
over 10 milligrams per liter than wells in the bedrock, most
of which were located in areas of cropland. Overall, chloride
contamination appears to be a larger threat to Lake Huron
water quality than nitrate from groundwater, given the
presence of higher chloride concentrations across the basin.
Groundwater chloride contamination may be of particular
concern in the Saginaw Bay region, which is where many
of the rivers discharge to in the southern part of the basin.
However, less indirect groundwater discharge occurs in the
southern part of the basin than the northern part of the basin.
The northern part of the basin had larger gaps in the water-
quality sampling given the lower population density and,
therefore, fewer samples from drinking water wells. Results
from the field data analysis generally confirmed the findings
of the water budget and water quality analyses performed.
Together, the analysis of where more groundwater discharge
is occurring in the Lake Huron Basin and the identification of
areas with potential groundwater-quality concerns can help
prioritize areas that are critical to protecting the long-term
health of Lake Huron.
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