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Abstract: Groundwater plays a significant role in the vitality of the Great Lakes Basin, supplying
water for various sectors. Due to the interconnection of groundwater and surface water features in
this region, the groundwater quality can be affected, leading to potential economic, political, health,
and social issues for the region. Groundwater resources have received less emphasis, perhaps due to
an “out of sight, out of mind” mentality. The incomplete characterization of groundwater, especially
shallow, near-surface waters in urban centers, is an added source of environmental vulnerability
for the Great Lakes Basin. This paper provides an improved understanding of urban groundwater
to reduce this vulnerability. Towards that end, two approaches for improved characterization of
groundwater in southeast Michigan are employed in this project. In the first approach, we construct
a regional groundwater model that encompasses four major watersheds to define the large-scale
groundwater features. In the second approach, we adopt a local scale and develop a local urban water
budget with subsequent groundwater simulation. The results show the groundwater movement
in the two different scales, implying the effect of urban settings on the subsurface resources. Both
the regional and local scale models can be used to evaluate and mitigate environmental risks in
urban centers.

Keywords: groundwater flow; urban groundwater; numerical modeling; water budget

1. Introduction

Groundwater serves a vital role in supplying drinking water and providing essential
services such as cooling water for power generation, irrigation water for farms and land-
scapes, and industrial water in the Great Lakes Basin (GLB). Groundwater quality issues
can lead to environmental and human health problems and can challenge environmental
management. Groundwater exists in hidden natural reservoirs (aquifers) that gradually
deliver water to many other surface water resources such as lakes, streams, and wetlands.
Due to groundwater’s slow transport rates and the lack of a visible interface, there is often
a tremendous lag between a contamination incident and the recognition of a problem [1].
To that end, protecting and remediating groundwater is often far more complex and costly
than the same efforts for surface water bodies [2—4]. Regulatory efforts on groundwater
primarily focus on contamination from hazardous chemicals and typically rely on a site-by-
site approach. The high financial cost and piecemeal approach to groundwater remediation
has led to a research gap in understanding of urban groundwater movement in cities that
rely on surface water in the GLB [5]. This study reviews known and expanding information
about groundwater resources in the Detroit metro region, the principal urban area in Michi-
gan, as well as one of the largest in the GLB. In this region, groundwater is recharged almost
entirely from rainfall and snowmelt that infiltrates down to the water table. The hydrologic
interconnection between the groundwater and surface water systems leads to the mixing
of subsurface and surface contaminants. Examples of these subsurface contaminants are
volatile organic compounds (VOCs), polychlorinated biphenyls (PCBs), polynuclear aro-
matic compounds (PNAs), and metals [6]. Groundwater, therefore, can serve as a pollutant
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transport mechanism and can ultimately expose Detroiters to contaminants such as VOCs
via numerous routes, including vapor intrusion and ingestion [7-9] (Figure 1). Ingestion
can occur through direct consumption of vegetation “fed” by contaminated vadose zone
water or by consuming water impacted by groundwater contamination [10-12].
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Figure 1. Hypothetical scheme of hydrogeological cycle in the Detroit region.

The quality of urban groundwater is critical as it can influence human health issues.
Groundwater in areas such as Detroit with shallow urban groundwater systems is physi-
cally near human activities and can contribute to short exposure routes due to the short
vertical distances. Urban disturbances influence subsurface hydrologic pathways, which
make understanding subsurface exposure routes difficult [13,14]. While there has been
some research performed on the groundwater quality in southeast Michigan [15-20], further
studies are required to evaluate migration pathways and contaminants in shallow urban
groundwater. For example, the VOCs group is one of these chemical pollutants, of which
the adverse impacts of their pathways on human health are well-documented [21-25].
Preterm birth is a crucial health issue within the Detroit region [26]. Detroit has the nation’s
highest preterm birth rate among America’s largest cities in 2018 [27]. A recent study links
VOC exposure to higher preterm birth rates [28]. Therefore, a comprehensive investigation
of groundwater to evaluate groundwater flow direction, transmissivity, and the depth of
the water table is imperative to explain urban water pathways.

This paper aims to describe the urban shallow groundwater of the metro Detroit
region by utilizing public data from multiple sources to generate a series of models at
differing resolutions. This paper includes a review of the geologic setting and the develop-
ment of two groundwater models at regional and local scales aimed to provide an initial
assessment of urban water movement in coastal Great Lakes cities. Through developing an
understanding of groundwater, potential pollutant exposure pathway risks posed to urban
environments and human health are better understood.
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2. Materials and Methods

Regional and local modeling provide a baseline to assess urban groundwater in
southeast Michigan. Regional datasets for southeast Michigan were assessed to provide a
general understanding of groundwater flow direction, discharge, and depth to groundwater.
A narrower, neighborhood-scale evaluation was completed for RecoveryPark, providing a
case study to evaluate localized urban water budgets and local-scale groundwater flow.
Both datasets provide useful but different contributions to the understanding of urban
groundwater movement.

The paper highlights the use of readily available data from multiple sources to un-
derstand groundwater movement at the regional and local scales. While there is no
comprehensive database for urban shallow subsurface information, there are several stud-
ies and data centers that provide information regarding urban groundwater movement.
This paper brings data together from historical well logs, current ongoing field studies,
and simulations to provide both a regional and local understanding of shallow subsur-
face groundwater movement in Metro Detroit. MODFLOW [29] was used to simulate
the steady-state groundwater head distributions for both the regional- and local-scale
applications. ESRI ArcMap 10.7.1 was used for data interpolation and mapping.

2.1. Southeast Michigan Regional and Local Field Setting

Within the Detroit regional watershed, the subsurface sediment layers are dominated
by a large clay diamicton [6,30,31], which supports the presence of shallow groundwater.
The amount of water transferring through this shallow system is not well-quantified since
most of the historic water resource studies have focused on deep groundwater systems
occurring at depths of more than six meters. Although the shallow groundwater does not
supply a significant source of drinking water for the residents in Detroit, the position of the
groundwater table can significantly affect the design and requirements of sewer systems,
drinking water networks, and surface infrastructures. More importantly, the depth of the
groundwater table directly controls the thickness of the vadose zone and the separation
distance between surface features and groundwater features.

2.1.1. Regional Scale: General Depositional Environment and Drainage Characteristics

The Detroit metropolitan area predominantly overlies glacial lacustrine deposits
producing scattered small to moderate quantities of water in some locations [20]. Detroit’s
till dates from the Wisconsian age and varies in thickness and composition [32]. As shown
in Figure 2, the thickness of glacial sediments gradually decreases to the southeast and the
area along south to the east is mainly clay mixed with isolated beaches, terraces, and lenses
of gravel and sand [30,31]. The glacial drift of the region consists of irregular beds of gravel,
sand, silt, and clay [6] and may be cemented by iron oxide or carbonate. In southeast
Michigan, the bedrock consists of Devonian age Antrim Shale, Traverse Group, which
is a mix of shale and limestone, Dundee Limestone, and Detroit River Dolomite. Given
the thickness of the clay lacustrine deposits, clay composition hydrologically generates
a disconnected media in the deposits underground. The bedrock underlying the Detroit
metropolitan area is not a reliable source of groundwater due to the low permeability of
the soil and poor water quality.

Historical hydrogeological studies relied on water well logs and surficial and bedrock
geologic maps. These studies were primarily conducted for groundwater exploitation and
did not typically address near-surface aquifers because they were not generally considered
potential potable water sources. Leverett [33] conducted the first detailed study of the
groundwater resources of southeastern Michigan. Leverett’s study was prompted by a
potential shortage of available groundwater resources in the central and eastern portions
of Wayne County. Hydrogeologic studies of southeastern Michigan rely primarily on
water well logs. The reliability of these water well logs is limited by the lack of uniformity
among drillers, absence of detailed subsurface lithologic descriptions, and insufficient
geographic distribution of wells. The stratigraphic correlation of near-surface sediments
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in southeastern Michigan is complicated because of the complex nature of sedimentation
by both ice and water [34]. Groundwater flows toward the surface water within the sand
units, and if present, is generally found at a depth ranging from ~one to three meters
from the land surface [6,31]. However, in Metro Detroit, the perched or discontinuous
groundwater is usually encountered in the upper one meter due to the predominant
underlying clay unit. Mozola [30] suggested that the source of groundwater recharge for
sand, gravel, and coble layer may be the Defiance Moraine; however, this has not been
confirmed. Howard [32] presented a surficial geologic map of the Detroit quadrangle,
which can serve as a framework for assessing and redeveloping future urban sites. The
final maps, including stratigraphic sections and soil layers across Metro Detroit, are useful
for expanded studies on groundwater and the vadose zone beneath this region.

West
' . . East
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R_ouge Sand
Sandy or Silty Clay Rivery (old beach terraces) Detroﬁ:/e =
Sand and Silt / l
Clay Sand and Silt |..
Bedrock | -
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024 8Kilometers ]
145m. ~34 kilometers A ) ~= w {__] Detroit Boundaries !

Figure 2. Interpolated surficial deposits cross-section of metropolitan Detroit (based on a cross-section from [6]).

2.1.2. Local Scale: RecoveryPark Field Site

RecoveryPark is a nonprofit urban farm in the Poletown neighborhood of Detroit that
provides local agricultural employment for residents [35] (Figure 3). While RecoveryPark
is located in an urban neighborhood, a majority of the lots are cleared of debris and vacant.
Apart from the existing or historic utility infrastructure and building basements, no other
major subsurface features are present.

The United States Geological Survey (USGS) and the United States Environmental
Protection Agency (USEPA) collaborated to study the effectiveness of green stormwater
infrastructure (GSI) at this site since 2014. A water cycle monitoring approach was used
to assess the role of GSI in a larger hydrologic context. The property includes a weather
station and the only publicly available groundwater wells in the city of Detroit. The
weather station was initially located north of the study (first location: 2014 to 2017) and
then was moved to its current onsite location during fall 2017 (second location: 2017 to
present). Soil boring data and in-pipe flow meter data from the site are available from
the Detroit Water and Sewage Department (DWSD). Overall, there are 23 groundwater
wells and seven in-pipe sewer meters spread over a 1.686 x 10~ ! km? area (Figure 4). The
onsite sewer lines appearing in Figure 4 transported only local sewage (no off-site areas
contributed), and the sewer output all flowed through meters E and F before exiting the
study boundaries. Soil moisture sensors were added to the field equipment in 2017 and are
located near the weather station. The location and head value of observation wells are also
presented in Table 1.
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Figure 3. Location map for RecoveryPark. City of Detroit boundaries are shown by the dashed lines, and RecoveryPark

location is shown by the red dot.
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RecoveryPark is a unique urban study area in that it includes one of the only urban
well fields in the Great Lakes Basin [36]. The insights gleaned from this location offer a
detailed understanding of one localized neighborhood but still does not remedy the larger
regional knowledge gap. The lack of publicly available urban well data presents issues for
groundwater mapping both at the regional and local scales. This problem is not unique to
the metropolitan Detroit region. Most major cities in the United States lack open-source
groundwater field data [5].

Table 1. Location and head value of observation wells at RecoveryPark (USGS [37]).

s 23

Type Name Alias x1 y1 Top Ele(e;a;tlon De%l;ﬁ)(ﬁ;ater Obser\(/;g Value
RP-C-01 D C1D —83.0437139 42.3672917 192.27698 1.8212 190.4558
RP-C-02D Cc2D —83.0432556 42.3674583 192.10325 1.0790 191.0243
RP-C-05D C5D —83.0427917 42.3676222 191.9417 1.3122 190.6295
RP-N-05 D N5D —83.0432250 42.3691139 192.32948 2.4201 189.9094
Deeper RP-N-06 D N6D —83.0430194 42.3686500 191.44782 1.4356 190.0122
Observation Wells RP-S-05D S5D —83.0419250 42.3671778 191.65519 1.9111 189.7441
RP-SE-01 D SE1D —83.0435528 42.3668583 192.49644 1.3457 191.1507
RP-SW-02 D SW2D —83.0443111 42.3665417 193.4044 2.2906 191.1138
RP-NE-04 D NE4D —83.0446444 42.3685250 192.13373 1.9126 190.2211

RP-NW-03 D NW3D —83.0430194 42.3686500 192.90198 No data recorded  No data recorded
RP-C-01 S C1s —83.0437194 42.3672889 192.27394 0.6614 191.6125
RP-C-02 S C2s —83.0432444 42.3674611 191.28435 0.1798 191.1045
RP-C-03 S C3S —83.0426111 42.3673639 192.60767 1.7450 190.8627
RP-C-04 S C4s —83.0427000 42.3674972 191.92951 1.0973 190.8322
RP-N-05S N5S —83.0432194 42.3691056 192.40397 2.0604 190.3435
RP-N-06 S N6S —83.0429889 42.3686722 191.44349 0.9876 190.4559
Shallow RP-NE-04 S NE4S —83.0446444 42.3685333 192.48642 1.4722 191.0142
Observation Wells RP-NW-03 S NW3S —83.0454500 42.3682472 192.35318 1.1841 191.1690
RP-S-05S S5S —83.0419333 42.3671750 191.63081 0.8915 190.7393
RP-S5-06 S S6S —83.0424778 42.3671306 192.50219 1.7054 190.7968
RP-SW-02 S SW2S —83.0443139 42.3665472 193.04669 1.4402 191.6065
RP-SE-01S SE1S —83.0435444 42.3668500 192.50558 0.7254 191.7802
RP-S-07 S S7S —83.0425611 42.3672667 192.8624 1.9888 190.8736
RP-C-05S C5S —83.0427833 42.3676250 191.9824 1.0287 190.9537

1 NADS3. 2 above NAVDSS. 3 Land surface elevation has been adjusted based on the surface elevation raster data applied to the model.

2.2. Regional Scale Groundwater Model: Metro Detroit Watersheds

The focus of this investigation is metropolitan Detroit, with an area of 3850.32 km?
and encompassing four major watersheds, all discharging to the Detroit River. The four
watersheds (Clinton, Lake St. Clair, Rouge, and Ecorse Creek) are shown in Figure 5. In this
region, sink and source elements, including precipitation, evapotranspiration, pumping
wells, rivers, and lakes, affect the groundwater flow, quantity, and quality. The values of
hydraulic conductivity are obtained from the borehole logs dataset [6,37] and presented
in Table 2 for all five units simulated in the model. The ratio of anisotropy (Ky/Ky) is
assumed to be equal to 1 for all five soil units. Precipitation and evapotranspiration values
are available from the USGS [37] data sources; average annual rates are used in these
simulations. In order to simulate the groundwater recharge coming from surface waters,
the head stages for the two main rivers of the region, Clinton River and Rouge River, are
obtained from the USGS [37] and applied to the model. Furthermore, lake water surface
and bottom elevation datasets are collected from the Michigan Department of Natural Re-
sources [38] and applied to all 47 lakes, which have an area greater than 0.3 km?. Pumping
well data were obtained from groundwater datasets for Michigan [39] and categorized
into five groups, including industrial, irrigation, household, commercial/institutional, and
public-supply wells. Within the study area, there are 12,866 active pumping wells, mostly
located in the northwestern portion of the study area.
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Table 2. Hydraulic conductivity of stratigraphic units assumed in the model.

Stratigraphic Unit Hydraulic Conductivity (m/day)
Moraine Unit 8.64 x 1071
Sand Clay Unit 8.64 x 1072
Sand Unit 8.64
Sandy and Silty Clay Unit 8.64 x 1072
Clay Unit 8.64 x 1073

The developed conceptual model of regional groundwater contains the shape, discharge
and recharge sources, and boundary conditions, including general head boundary (repre-
senting water elevation at Lake St. Clair and Detroit River) and no-flow boundary. The
model grid is set up in one layer with 10,584 active cells of various sizes and shapes (Ugrid-
Voronoi [40]). The surface elevation ranges from ~173 m in the southeast to ~325 m in the
northwest (NAVDS8S), while the bottom elevation ranges from ~144 m to ~282 m. Due to the
lack of transient data of pumping wells, the simulation is conducted in a steady state.

Symbol Description
B Clinton Watershed
Lake St. Clair Drainage Watershed
B Rouge Watershed

Ecorse Creek Watershed (drains to Detroit River)

= (ity of Detroit Boundary

Lake St. Clair

gional model domain

Figure 5. The boundary of Detroit and watersheds in the study area (regional model domain) [41].

The regional groundwater model has been developed to evaluate the groundwater
head distribution based on the control volume finite difference (CVFD) formulation using
MODFLOW-USG [42]. Groundwater Modeling System 10.3.2 (GMS) was used as the pre-
and post-processing software tool to construct and run the MODFLOW model. Datasets
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Depth below surface (meters)
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needed for this model include meteorological (precipitation, evaporation, etc.), hydraulic
and geochemical attributes, and topographic elevation.

2.3. Local Scale Model: RecoveryPark

RecoveryPark is outfitted with a real-time weather station that includes multiple
instruments. The weather station is comprised of a Campbell Scientific evapotranspiration
station (ET-107), solar radiation sensor (CS305-ET), air temperature and relative humidity
probe (HMP60-ETS), tipping bucket rain gage (TE525-ET), and wind set (034B-ETM),
combining a three-cup anemometer and vane into a single integrated package to measure
wind speed and direction.

The well groundwater level was recorded using a Schlumberger Diver pressure trans-
ducer at 23 individual wells nested with deeper (~six meters below ground surface) and
shallow (~three meters below ground surface) wells (Figure 6). The DWSD performed the
in-pipe flow measurements at six different locations with meters E and F measuring the
discharge out of the RecoveryPark field site. DWSD used V-notch weirs with velocity and
stage sensors to generate velocity and discharge values [36]. Eight Campbell Science 655
TDR probes were situated at three different intervals close to the weather station. These
were positioned near the surface, at 0.3 m below the surface level and 0.5 m below the
surface level. Figure 6 shows the vertical distribution of the monitored subsurface features.

Zone of soil Shallow Well Deep Well
moisture Hydraulic  Hydraulic
Surface  observation Shallow Well Deep Well Head Head Sewer Pipes Soil Profile

Unsaturated Zone
E= Well screen

Variation in sewer depth

Figure 6. Subsurface vertical profile of observed features at the RecoveryPark study site. Hydraulic head is an example

hydraulic head based on the average October 2015 well data.

2.3.1. Urban Water Budget

Characterizing urban water budgets is a challenge because of the overlap between
groundwater movement and subsurface anthropogenic structures such as sewer lines. In
order to better understand these changes, an urban water budget model was developed for
the RecoveryPark field site. Periods of rainfall and seasonal variability impact groundwater.
In order to account for seasonality and consistency from precipitation events, water budgets
were constructed for each quarter around a rainfall event. Four separate rain events were
picked to evaluate changes in RecoveryPark’s groundwater storage.

This study applied a mass balance approach to quantify the water budget at the
RecoveryPark study area. The area has been extensively reworked to channel surface water
flow into sewer drains and onsite GSI. Runoff over the study area is assumed to flow into
the sewer drains or is infiltrated into groundwater. Given the locations of the GSI within
the study region, interactions between groundwater infiltration from the surface and fluxes
in and out of the sewer piping is assumed to be contained within well data and sewer
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flow data. The shallow wells, located in urban fill, and the deeper wells, located in mostly
clay-rich sediments, showed similar fluctuations in hydraulic head levels, indicating that
the well sets are hydrologically connected. Referring to Howard and Olszewska [43], the
urban fill materials are compacted loamy texture probably originated from a combination of
sandy surficial deposits and clayey diamicton family. This urban fill was later mixed with
various construction and demolition artifacts due to the urban redevelopment in Detroit
city. These artifacts and waste building materials were weathered over the years and left
the soil with some significant contaminants. It is worth mentioning that, at RecoveryPark,
groundwater has been observed through two sets of observation wells with two different
lengths. This observation reflects the field data, where nested shallow and deeper wells
show similar changes in hydraulic head. This is also as the shallow well data was used for
the water budget analysis. Changes in soil moisture in the vadose zone impact groundwater
movement, especially in shallow systems such as Detroit. The changes to hydraulic head
in the shallow wells did not account for soil moisture. However, soil moisture influence
is reviewed by post-processing. Parameters in the mass balance include the change in
groundwater storage (AS) in m?, precipitation (P) in m?, evapotranspiration (ET) in m?, and
volume of water exiting the site via the sewer network (O) in m®. The following equation
was used to generate a change in groundwater storage estimate scaled to the study area.

+ AS=P—ET - O 1)

An urban water budget was calculated at RecoveryPark for four different precipitation
events, each occurring during the period between October 2015 and September 2016. The
specific precipitation events selected for this analysis were chosen were based on the
availability of field data and the accuracy of sewer data. Start times of 12:00 a.m. and
12:00 p.m. were chosen based on the start of the precipitation event to ensure baseline data
was collected before a precipitation event and contained five days of continuous data from
this start time. Table 3 shows a breakdown of available field data for each period studied.
Precipitation data (Figure 7), evapotranspiration data (Figure 8), sewer data (Figure 9), and
groundwater well data (Figure 10) were included in the example of water budgets.

Inverse distance weighting (IDW) models were used to represent the spatial variation
of hydraulic head distribution for both the pre-and post-rain time periods. The pre-rain
time period corresponds to head measurements taken immediately before the rainfall,
while the post-rain time period corresponds to head measurements taken five days after
the beginning of the study period. At least one well was operational during the four
precipitation events. For the period of 27 to 31 October 2015, the single shallow well is
assumed to represent the study area, and an IDW was not generated for this event. The well
values were inputted into the ESRI ArcMap, and the ArcMap Spatial Analysis Extension
tool was used to create the inverse distance weighting maps for this time period (Figure 11).
The layers were then converted to a raster file, and difference maps were generated from
the pre-precipitation raster and post-precipitation raster to show net gains and net losses.
An effective porosity (n) of 0.3 was used as an average porosity for the RecoveryPark study
area based on typical values associated with soils present at RecoveryPark [36]. Change in
groundwater storage (AS) is the porosity (n) times the net volume gain or loss (m3) over
the study period (Equation (1)).

Table 3. Overview of field data used over the one-year period.

Shallow Wells Deeper Wells

Dates Start Time Precipitation Evapotranspiration Sewer Data Online Online
27-31 October 2015 12:00 p.m. Meter E, Meter F 1 4
13-17 March 2016 12:00 a.m. Continuous Continuous Meter E, Meter F 14 8
10-14 May 2016 12:00 p.m. 5-min data 60-min data Meter E, Meter F 14 9
11-15 August 2016 12:00 a.m. Meter E, Meter F 4 8
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Figure 8. Evapotranspiration values for RecoveryPark over the four study periods.
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Figure 10. Groundwater head levels at shallow wells at RecoveryPark over the four study periods.
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Figure 11. Inverse distance weighted model of groundwater above mean sea level (meters) for shallow wells on 13 March
2016 (left), and 17 March 2016 (center). The legend for these models is on the left side. The change in the hydraulic head is
measured by the net decrease and net increase map on the right with the legend located in the top right of the map. In this
example, there was no net decrease observed.

Soil moisture was not initially reviewed because the sensors were not in place during
the initial study period during 2015 and 2016. Soil moisture plays a critical role in water
retention and, ultimately, in the water budget. It was determined that soil moisture is
critical to understanding an urban water budget, and four model rainfall events in 2017 and
2018 were chosen to give an estimated idea of the scale of water retained during rainfall
events. While the data was taken for different rainfall events, it still provides valuable
information regarding the volume of water retained in the top 0.5 m at RecoveryPark.
Given the close proximity of the soil moisture sensors, the averages of sensors placed near
the surface, at 0.3 m below the surface, and 0.5 m below the surface were used to estimate
soil moisture at RecoveryPark (Figure 12).
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Figure 12. Example figure showing changes in volumetric soil moisture over a five-day period with a rain event. Volumetric
soil moisture is on the left axis, while precipitation is on the right axis. The orange line is soil moisture near the surface, the
grey line is at ~0.3 m below the surface, and the yellow line is ~0.5 m below the surface.



Water 2021, 13, 1515

13 of 23

2.3.2. Groundwater Model

Similar to the regional simulation, GMS 10.3.2 (MODFLOW 2000) is used to identify
groundwater head in the steady-state condition for the local scale model. Since there
are two sets of groundwater observed data in RecoveryPark, i.e., shallow and deeper
observation wells, two conceptual models for each observed dataset are created to in-
vestigate groundwater through shallow and deeper observation wells. In other words,
at RecoveryPark, groundwater is investigated through two separate models with two
different lengths of the observation wells. Both conceptual models are one-layer models
with 41,184 active structured cells. The surface elevation ranges from ~195 m in the north
to ~189 m in the south (NAVDS88), while the bottom elevation is assumed to be ~150 m
for the entire area. The local model is a part of the regional one as it is located in the
southeastern part of the regional model. The boundary conditions applied in the local
model are adapted to the regional model outputs. The local boundary conditions were
chosen based on the regional model results. A constant head of ~188 to 193 m is also
assumed for RecoveryPark boundaries.

Sewer drains and evapotranspiration are the discharging sources for groundwater,
while precipitation is the only source for recharging the groundwater. In the Recovery-
Park 3-D model, we obtained sewer line data from [36,44] and divided the area into six
zones, as shown in Figure 13. Referring to the samples collected by Rogers [6], the clay
unit appears to be uniformly deposited within Detroit city with a hydraulic conductivity
range of 8.64 x 10~ to 1.1 (m/d). Furthermore, based on the soil-boring data in Recovery-
Park [37,39], six different hydraulic conductivities of clay are recognized for RecoveryPark
soil. So, we assumed six types (zone) of hydraulic conductivity in the local model and
subdivided the model into six zones to make sure that the model correctly represents
the hydrogeological features of RecoveryPark. The hydraulic conductance and bottom
elevation of pipes are applied to the sewer lines in the local model based on available
data of sewerage at RecoveryPark. The sewer network at RecoveryPark is a combined
sewer system [44]. Based on the available data, the depth of the sewer pipes junctions is
assumed to be ~2 to 3 m in the model. The sewer pipes have been placed deeper in the
south to southwest of the local model, while they can be found at a smaller depth in the
center-north to the northeast of the model. A hydraulic conductance of 0.0025 ((m?/d)/m)
is also assumed for all sewer pipes through the Drain package in the MODFLOW model.

An essential part of any groundwater modeling exercise is the model calibration
process. In this project, horizontal and vertical hydraulic conductivity were selected as the
calibration variables since they are the least well-known data in this region. The horizontal
and vertical hydraulic conductivity values were fine-tuned using the PEST calibration
process (Table 4) and the 16 March 2016 observations of groundwater head for the shallow
and deeper wells at RecoveryPark. During the PEST calibration process, the groundwater
system inputs are estimated from the system results by comparing the model outputs and
observed head values. We applied the zone-based approach in the model calibration and
selected each hydraulic conductivity zone as a parameter. In RecoveryPark modeling, PEST
tracks how the model responds to the hydraulic conductivity changes and calculates the
residual for computed and observed head values. In each round of parameter estimation,
PEST determines new hydraulic conductivity values for each zone, interpolates new values
to the MODFLOW model, and updates the input files for the next MODFLOW run. Each
time, the latest output of the model is compared to the observed head values. PEST repeats
this process and adjusts the hydraulic conductivity values until the minimum value of
residual is achieved.
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Figure 13. Sewer pipes’ location and hydraulic conductivity zones in the RecoveryPark model. The numbers are the depth

at which the sewer junctions are located.

Table 4. Details of sink/sources inputs for calibrated RecoveryPark model.

Parameter

Values

Precipitation (m) 1

Horizontal hydraulic conductivity (m/d)

(obtained after calibration process)

Vertical hydraulic conductivity (m/d) in all zones

(obtained after calibration process)
Evapotranspiration rate (m/d) 1

1.524 x 1073
Zone 1: 1.818 x 1073
Zone 2: 8.738 x 1073
Zone 3: 3.141 x 1073
Zone 4: 3.830 x 1072

Zone 5: 1.0
Zone 6: 9.298 x 1073

0.5
4 x10°°

1 USGS [37] data.

3. Results

3.1. Regional Scale Groundwater Model: Metro Detroit Watersheds

The study area’s initial groundwater model (Figure 14) shows that in the northwest of
the region, the groundwater head level reaches a maximum of ~320 m in the northwest,
where the maximum elevation of the ground surface is ~325 m. The minimum groundwater
head level of ~170 m is also found at the southeast parts of the region, where the ground
surface has a minimum elevation of ~173 m. The difference between the ground surface
elevations and groundwater head levels demonstrates that the depth to the groundwater
gradually decreases toward the southeast, and groundwater is found at a deeper depth
in the northwest of the region. As reviewed in the literature, the groundwater head level
within the Detroit urban area, along the cross-section of Figure 2, is at ~one to three meters

below the ground surface.
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Figure 14. The initial model of groundwater flow in the region of Detroit watersheds.

Furthermore, the water table is found at a higher level in the northwest parts of the
model than the southeast of the region. Therefore, groundwater flows in a southeasterly
direction and discharges to the Detroit River and Lake St. Clair.

3.2. Local Scale Model: RecoveryPark
3.2.1. Urban Water Budget

Water budget variables were evaluated for four precipitation events: 27 to 31 October
2015; 13 to 17 March 2016; 10 to 14 May 2016; and 11 to 15 August 2016. These included
precipitation (Figure 7), evapotranspiration (Figure 8), in-pipe flow meter (Figure 9), and
changes in groundwater storage (Figure 10). The totals are showed in Table 5 and compared
in Figure 15. Equation (1) calculated the total change in storage with a measured change in
storage based on the hydraulic head. The unaccounted water value was determined to be
the difference between the computed storage and the measured change in storage, which
is defined as excess in Table 5.

The sewage flows below the study area were monitored during each evaluation
period at meters E and F (Figure 9). Meter E showed consistent surges of water during
each precipitation event, while meter F showed slight increases. It is most likely due to the
fact that meter E’s outlet conveyed sewer water for a larger portion of the study area. The
sewer flow decreased rapidly after the initial storm surge.

Table 5. Totaled values for each precipitation event.

Date 27-31 October 2015 13-17 March 2016 10-14 May 2016 11-15 August 2016
Units m?3 m?3 m3 m3
Precipitation 9509.10 7859.12 4863.10 8032.80
Evapotranspiration -39.97 —62.74 —85.15 —97.65
Sewer Flow —1370.63 —2715.42 —1561.84 —2130.72
Change in Storage —2188.24 8550.26 119.67 —719.84
Excess 5910.269 13,631.22 3335.781 5084.59
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Figure 15. Quarterly calculated water balances at RecoveryPark. Values are shown next to the bar graphs. Evapotranspira-

tion is <100 m® and not shown in text form.

The measured hydraulic head in the shallow wells exhibited similar trends during
each observed time period (Figure 10). The October and August time periods showed a
consistent drop in groundwater. The March and May time periods showed responses to
the rainfall events during the observed time periods. The difference maps generated from
the IDW models produced a change in storage values for the shallow well interval for the
four study periods (Table 5).

Quarterly water budgets were assessed for each time period (Figure 15). October
2015, May 2016, and August 2016 showed excess unaccounted water onsite, while March
2016 showed an increase in groundwater storage beyond precipitation (Table 5). This
indicates that the measurements taken at RecoveryPark during 2015 and 2016 did not fully
capture the water budget during episodic rain events. Soil moisture was evaluated during
four different seasonal rain events at RecoveryPark in 2017 to give an indication of the
changes in soil water above the water table. Figure 12 represents an example measurement
reviewed from 1 November 2017 to 5 November 2017. The volume of the total change
in soil moisture calculated in Figure 12 shows a positive change of 2286.41 m® when
scaled to the RecoveryPark study area. Other precipitation events in March 2018 resulted
in an increasing volume of 1581.26 m3, June 2018 showed 910.29 m3, and August 2018
showed 2200.94 m>.

3.2.2. Groundwater Model

Figure 16 presents the final results of the shallow and deeper groundwater simulation
for RecoveryPark. The detail of assumptions and modeling process have been presented in
Section 2.3.2. The results show that the groundwater gradient is to the north of Recovery-
Park. Additionally, the shallow and deeper observation wells reflected similar groundwater
fluctuations. The groundwater observed through observation wells with two different
lengths (shallow and deeper) behaves equally and moves from the south to the north of
the RecoveryPark models.
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Figure 16. Groundwater head model at RecoveryPark calibrated by (a) shallow (b) deeper observation wells.
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The RecoveryPark groundwater simulation model was calibrated by varying hydraulic
conductivity parameters (Table 4) to optimize hydraulic head values. Through using
differing hydraulic conductivity parameters, the residual between the observed values
and calculated values showed a consistent reduction in mean error, which resulted in a
reduction of uncertainty in the model. The final output from the groundwater simulation
at RecoveryPark provides a conceptual model representing the behavior of neighborhood-
scale groundwater. Figure 17 provides a comparison between the computed head levels and
the observed ones. The Nash-Sutcliffe coefficient for the shallow and deeper groundwater
model of RecoveryPark are NSE > 0.8 and NSE > 0.69, respectively.
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Figure 17. Computed head values vs. observed head values at (a) shallow (b) deeper groundwater model of RecoveryPark.

4. Discussion

This study provides an initial start to defining urban groundwater movement in
coastal urban cities in the Great Lakes Basin. The modeling of field data from the Recovery-
Park field site and the broader Detroit metro-area highlights the lack of publicly available
datasets while demonstrating pragmatic approaches to evaluate urban groundwater move-
ment. These two approaches of groundwater movement modeling in four-integrated
watersheds and localized scale in Detroit show how differences in scale yield diverse
insights into assessing urban influences into groundwater flow.
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4.1. Regional Scale Groundwater Model: Metro Detroit Watersheds

At the regional scale, both groundwater flows and groundwater depth generally
agreed with results reported in past literature [6,31]. The regional modeling indicates
that the groundwater in the region of Detroit watersheds is primarily a shallow aquifer
placed on impermeable clay units and flows in sand layer units. Additionally, the model
shows that groundwater can be found at a depth ranging from ~one to three meters
below the ground surface. The probability of encountering groundwater decreases toward
the east as it flows toward the southeast of the region [6]. Therefore, the groundwater
gradient tends to the southeast direction, discharging into the Detroit River. There are
many legacy contaminated sites located throughout the study area that include superfund
sites and smaller-scale brownfields [45,46]. The general direction of groundwater flow
is towards the Detroit River, creating potential pathways for the pollutants coming from
these contaminated sites to reach drinking water sources for Detroiters. Moreover, since
the water table is found at only a few meters below the land surface of Detroit city, volatile
contaminants existing in the groundwater can easily intrude the upper zones and produce
human and environmental health issues for this urbanized area.

4.2. Local Scale Model: RecoveryPark

This paper demonstrates techniques to evaluate the urban groundwater flow and
assess an urban water budget. Previous studies at RecoveryPark focused on implementing
green stormwater infrastructure for sustainable development [44,47], monitoring urban
water cycles for understanding the effectiveness of green stormwater infrastructure [48] and
interactions with urban water infrastructure [36]. The hydraulic conductance and bottom
elevation of sewer lines applied to the local model manifest the groundwater interaction
with the sewer line system as the urban infrastructure available at RecoveryPark. As the
local model is built in one layer, the sewer lines are assumed to remain in that one layer
to have their full interaction with local groundwater in steady-state modeling. By the full
interaction term, we mean that the entire sewer lines are included in the model layer. The
urban water budget portion of this paper focuses on evaluating the groundwater, while
considering subsurface sewer networks and weather parameters.

4.2.1. Urban Water Budget

The RecoveryPark case study is unique as it accesses one of the few urban datasets
housed on an open data platform through the USGS National Water Information System.
The RecoveryPark field site provides a broad scope of site-specific data sets. While it
does not apply to the larger Detroit area, it is a useful start to understand urban water
fluxes and localized flow directions. The urban water budget evaluated in this paper
represents an insight into episodic rainfall events, which differs from Hoard, Haefner,
Shuster, Pieschek and Beeler [36], where urban water budgets were evaluated on a monthly
and seasonal basis.

A review of the datasets at RecoveryPark confirms that the silty clay loam deposits
located 3 m below the ground surface are hydraulically connected to the shallow fill zone.
These results also show that the wells in the clay layer are horizontally connected, most
likely as a result of sand lenses [32]. Evaluating the depth to water on a yearly basis shows a
seasonal variation with a low depth to water in the summer. Periods of no data suggest the
water table is not present or below the pressure transducers set in the groundwater wells.

The hydraulic head observed in the shallow wells did not always show a response
to infiltration from rain events. Potential reasons for this include overland flow being
directed into the sewer and not infiltrating and groundwater flow increases. Another
consideration is that a large portion of the surface cover is utilized by GSI, which could
direct water to areas not covered by the urban well field. March 2016 noted large increases
in the hydraulic head at both the shallow and deeper wells, which may be an indication
of rainwater melting and elevating the water table. The low changes in groundwater
during May 2016 may reflect the drop in the water table during the warmer months of
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the year. This continued during the drop-in groundwater levels during the August 2016
study period.

The sewer systems did not have as large of an influence on the water outputs off
the RecoveryPark site as the groundwater. RecoveryPark was originally designed as an
experimental field site for green stormwater infrastructure. Groundwater is the controlling
feature for moving precipitation on and off the study location because of this land use.
Evapotranspiration also had a small impact on the overall water balance. Factors for
evapotranspiration include the small scale of the study area and that the study periods
specifically targeted periods of precipitation. Evapotranspiration showed consistent, rapid
decreases during rain events at RecoveryPark, which is most likely due to increasing cloud
cover and cooler temperatures.

The large excess water noted in Table 5 indicates that Equation (1) did not initially
fully encompass all inputs and outputs of the urban water budget mass balance. Notably,
soil moisture in the vadose zone above the shallow wells was absent. An initial review of
the 2017 and 2018 soil water data demonstrates the importance of water retention in the
vadose zone. The observed soil moisture data evaluated in this paper only represents the
top 0.5 m at RecoveryPark. The calculated volume can account for a large amount of excess
water at RecoveryPark, which would increase if extrapolated down to two to three meters
below the surface to the water table.

GSI are important features of urban hydrologic interactions but these systems are con-
tained within the study region. The sewer and groundwater elevation data were assumed
to capture the subsurface GSI interactions. Therefore, the inputs and outputs measured in
the urban water budget are assumed to be representative of the green stormwater infras-
tructure. Additionally, the soil cores taken at RecoveryPark show a confining clay layer
located directly beneath the GSI. Our model assumes that this clay layer along with the
shallow water table enable horizonal water movement that is captured by the wells.

4.2.2. Groundwater Model

The RecoveryPark groundwater simulation provides a city-block-scale estimate of
groundwater flow over the study location. The local neighborhood scale modeling revealed
a flow that is the opposite of the regional flow direction. Modeling results and field site
data showed the higher hydraulic head in the southeast and the lower hydraulic head
in the northwest [36]. This contrasting flow direction confirms that spatial location in
urban areas impacts groundwater flow. The reasons for local changes in groundwater flow
direction include heterogeneity of subsurface, and influences on the hydraulic head such
as dewatering pumps may dictate neighborhood-scale flow direction. It demonstrates that
local geology, disturbance patterns of the soil, anthropogenic activities, and urban setting,
in general, have a large influence on localized groundwater flow patterns.

Furthermore, RecoveryPark models calibrated based on shallow and deeper observa-
tion wells show similar hydraulic head fluctuation values for depth to groundwater. This
observation reflects the field data, where nested shallow and deeper wells show similar
changes in hydraulic head. Since the models of shallow and deeper wells are under the
same conditions of recharge, discharge, and boundary conditions, these models suggest
that there is no confining condition up to the screened zone of deeper wells, which may
cause changes in the groundwater fluctuation pattern at RecoveryPark.

4.3. Larger Impact on Southeast Michigan

High population density and industrial centers increase the susceptibility of shallow
groundwater to contamination within the Great Lakes Basin. Since very few data are avail-
able in urban areas of the Great Lakes Region, developing groundwater models provide
invaluable information for urban groundwater resource management [49]. This paper
contributes to addressing the priority science of urban groundwater outlined by the last
status report on the Great Lakes Water Quality Agreement provided by Grannemann and
Van Stempvoort [49]. The paper represents a pragmatic way to evaluate shallow subsurface
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groundwater movement in southeast Michigan with the eventual goal of understanding
the subsurface fate and transport in urban settings. Remediation sites are not limited to
property boundaries, and through understanding regional and neighborhood-scale trans-
port, decision-makers can better advise on public health concerns such as VOC exposure.
Since the shallow water table occurs only a few meters below the ground surface, VOCs
are able to transmit faster from groundwater to the upper unsaturated zone and ground
surface. These hydrogeological characteristics of Detroit’s urban groundwater can increase
the chances of soil vapor movement.

4.4. Limitations

This paper relies on publicly available data and is limited in its ability to expand
these datasets to other areas of the metro-Detroit and Great Lakes Basin. The regional
model covers a large segment of southeast Michigan and is not adequately covered by
wells. The predictions of groundwater model results may be affected by many factors, for
example, the sampling method of datasets, the structure of the groundwater conceptual
model, and the deviation resulted from the mathematical solution of the groundwater
model. Additionally, the scarcity of datasets, including pumping rate and hydraulic
conductivity, creates uncertainty in both regional and neighborhood-scale models. The
neighborhood-scale model for RecoveryPark has been calibrated using horizontal and
vertical hydraulic conductivity as calibration parameters. However, a limited number of
observation wells at the regional scale restrict the full calibration process of the regional
model. This irregular distribution of wells limits the ability to support the datasets for
further understanding and studies on the groundwater movement as well as transferring
of contaminants in the groundwater. However, this model can provide useful results for
initial assessments of the groundwater flow within the study area. These results are also
beneficial in guiding the activities of data collection and combining large amounts of data
for hydrological investigations.

At the RecoveryPark field site, several external factors limited the presented modeling
work. The sewer data showed inconsistent readings, and the data were quality controlled
only through 2016. Therefore, only data that underwent quality control was used in the
municipal water budget. Unlike the precipitation, evapotranspiration, and sewer data, the
shallow and deeper well values were derived from time-specific data. Soil moisture field
data is limited to after August 2017. External factors, such as interstate highways close to
the field site, may have a disproportionate influence on the groundwater flow of the region.
The interstate freeways in this region are below ground and operate dewatering pumps.

5. Conclusions

Urban groundwater plays a critical role in the vitality of the Great Lakes Basin and
is often difficult to characterize, given anthropogenic changes of subsurface hydrology.
While data availability presents issues, this study demonstrates pragmatic methods to
utilize existing datasets to start developing a multiscale understanding of near-surface
groundwater movement. This study highlights the interconnected nature of natural and
urban systems from the regional water drainage characteristics to neighborhood-scale
hydrologic water flow. This project is leading research that provides sorely needed insights
into general urban groundwater flow and transport in the Great Lakes region.

In this project, we developed a conceptual model of groundwater in the Detroit
region located in four major watersheds, analyzed hydraulic head changes, and provide a
baseline for understanding groundwater’s role in subsurface urban contaminant movement.
In this model, we assumed a steady-state condition for the finite volume solution of
the groundwater equations and considered some critical hydrogeological data such as
precipitation and evaporation rates, rivers head and depth, soil layers with their hydraulic
conductivities, and discharging wells. The regional model shows that there is shallow
groundwater underlying the Detroit region and flowing from the northwest to the southeast
within the study area. At RecoveryPark, the water balance demonstrated the difficulty
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in generating episodic urban water balances but provides insight into the controlling
variables for water flow in urban settings. The neighborhood-scale simulation evaluated
the small-scale heterogeneity of urban soils and subsurface infrastructure to provide a
modeled flow direction on a city block basis. In the neighborhood-scale simulation, the
local movement of groundwater is in the north direction, which is opposite to the regional
groundwater flow. The different flow directions in local and regional scales imply the effect
of urban settings on the behavior of groundwater resources. Understanding this difference
is important in the accurate prediction of contaminant transport pathways and the effective
application of remediation practices.
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