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Groundwater Flux and Nutrient Loading in the Northeast 
Section of Bear Lake, Muskegon County, Michigan, 2015

By Alexander R. Totten, Jessica A. Maurer, and Joseph W. Duris

Abstract

Bear Lake in North Muskegon, Michigan, is listed as part 
of the Muskegon Lake area of concern as designated by the 
U.S. Environmental Protection Agency. This area of concern 
was designated as a result of eutrophication and beneficial use 
impairments. On the northeast end of Bear Lake, two man-made 
retention ponds (Willbrandt Pond East and Willbrandt Pond 
West), formerly used for celery farming, may contribute nutri-
ents to Bear Lake. Willbrandt Ponds (East and West) were pre-
viously muck fields that were actively used for celery farming 
from the early 1900s until 2002. The restoration and reconnec-
tion of the Willbrandt Ponds into Bear Lake prompted concerns 
of groundwater nutrient loading into Bear Lake. Studies done 
by the State of Michigan and Grand Valley State University 
revised initial internal phosphorus load estimates and indicated 
an imbalance in the phosphorus budget in Bear Lake. From June 
through November 2015, the U.S. Geological Survey (USGS) 
did an investigative study to quantify the load of nutrients from 
shallow groundwater around the Willbrandt Ponds in an effort 
to update the phosphorus budget to Bear Lake. Seven sampling 
locations were established, including five shallow groundwater 
wells and two surface-water sites, in the Willbrandt pond study 
area and Bear Lake. A total of 12 nutrient samples and discrete 
water-level measurements were collected from each site from 
June through November 2015. Continuous water-level data 
were recorded for both surface-water monitoring locations for 
the entire sampling period.

Water-level data indicated that Willbrandt Pond West had 
the highest average water-level elevation of all sites monitored, 
which indicated the general direction of flux is from Willbrandt 
Pond West to Bear Lake. Nutrient and chloride loading from 
Willbrandt Pond West to Bear Lake was calculated using two 
distinct methods: Dupuit and direct seepage methods. Shallow 
groundwater loading calculations were determined by using 
groundwater levels to first determine a flux of shallow ground-
water, then nutrient concentrations to determine a load. It was 
determined that Willbrandt Pond East and Willbrandt Pond West 
contributed between 2 to 4 percent of the total annual phos-
phorus load to Bear Lake by way of shallow groundwater flow. 
Annual loads calculated for other constituents include ortho-
phosphate (40–100 pounds per year [lb P/yr]), total nitrogen 

(200–830 lb/yr), chloride (12,700–32,100 lb/yr), and ammonia 
(130–670 lb N/yr). Study results indicated that mean groundwa-
ter and surface-water nutrient concentrations calculated in this 
study were higher than reported Michigan statewide values. The 
data collected in this study allow understanding of groundwater 
nutrient loading into Bear Lake in an effort to help inform future 
restoration and management decisions. 

Introduction

The Willbrandt Pond study area consists of two man-
made earthen berm retention ponds (Willbrandt Pond East 
and Pond West) on the northeast end of Bear Lake in North 
Muskegon, Michigan, in Muskegon County (figs. 1 and 2). For 
nearly a century, Willbrandt Ponds East and West were used 
for celery farming, which included the use of nutrient-rich 
fertilizers (Smit and Steinman, 2014). After the termination of 
celery farming in 2002, the fields were converted to reten-
tion ponds and subsequent visible changes in water quality, 
including severe algal growth in both ponds, were reported by 
North Muskegon residents. Eutrophication became a prob-
lem in the ponds as a result of the nutrient-rich conditions. In 
2008, Muskegon Lake became an area of concern (AOC) and 
was identified as having beneficial use impairments (BUI) for 
loss of fish and wildlife habitat (LeSage and Smith, 2008). 
Bear Lake is upstream from Muskegon Lake in the natural 
watershed and is associated with that AOC (fig. 1). A previous 
study done by the Michigan Department of Environmental 
Quality (MDEQ) in 2008 calculated the internal and external 
phosphorus loads to Bear Lake and determined that most of 
the phosphorus load was contributed by Bear Creek (MDEQ, 
2008). In 2015, the Annis Water Resource Institute (AWRI) 
did a study on Bear Lake’s internal phosphorus load and was 
able to more accurately calculate internal phosphorus load-
ing (AWRI, 2015). The updated internal phosphorus load 
from AWRI is used throughout this report in conjunction with 
the total phosphorus load from MDEQ to create an accurate 
phosphorus load. From June through November 2015, the U.S. 
Geological Survey (USGS), in cooperation with U.S. Environ-
mental Protection Agency (EPA), did a study to better under-
stand groundwater nutrient loading into Bear Lake from the 
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 Figure 1.  Bear Creek watershed and general sampling location.

Willbrandt Ponds. Starting in 2016, earthen berms around both 
ponds were removed to return the ponds to natural wetland 
habitat. Understanding of nutrient dynamics associated with 
Willbrandt Ponds is important to understanding the potential 
response of Bear Lake to the removal of these berms.

Purpose and Scope
The data collected for this study refined the understand-

ing of groundwater flux and nutrient loading into Bear Lake 
in an effort to help inform future restoration and management 
decisions. The objectives for this report are to (1) monitor 
water levels and groundwater flux direction; (2) determine 
annual flux and nutrient and chloride loading from shallow 
groundwater; and (3) compare groundwater and surface-water 
nutrient concentrations to previously published data. 

Description of Study Area

This study was conducted in the northeast corner of 
Bear Lake (in and around the mouth of Bear Creek and the 
Willbrandt Ponds) in North Muskegon, Muskegon County, 
Mich. (fig. 1). The Bear Lake watershed drains approximately 
30 square miles (mi2), originates in Dalton Township, and termi-
nates at the confluence of Bear Lake and Muskegon Lake in the 
City of North Muskegon (MDEQ, 2008). Bear Lake is a shallow 
(mean depth of 6.8 feet [ft]; maximum depth of 11.81 ft), well-
mixed lake covering approximately 0.65 mi2 confirmed by the 
AWRI (AWRI, 2015; MDEQ, 2008). The primary tributary 
flowing into Bear Lake is Bear Creek, with Fenner Ditch and 
two other minor unnamed tributaries directly draining to the  
lake (MDEQ, 2008). The entire area of Bear Lake is included  
in the Muskegon Lake AOC and frequently experiences eutro-
phication (AWRI, 2015; MDEQ, 2008). 
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Figure 2.  Sample locations indicating discrete and continuous water-level measurements.

The Willbrandt Ponds East and West occupy a total area 
of 40 acres and are bisected west to east by Whittham Road 
(Smit, 2014). Willbrandt Pond East and Willbrandt Pond West 
are named such based on their relative position to Whittham 
road (fig. 2). Bear Creek flows along the northern edge of both 
ponds and is separated from the ponds by a large earthen berm 
that was established to irrigate the fields for celery farming 
in the early 1900s (Smit, 2014). Willbrandt Pond East was 
actively being farmed until 1995, whereas Willbrandt Pond 
West was actively farmed until 2002 (Smit, 2014). Since that 
time, there has been no active farming or management of pond 
levels; however, there are several passive drains that discharge 
to Bear Creek when the pond levels rise to the height of the 
openings of the drains (Smit, 2014). The West pond is sepa-
rated from Bear Lake on its western edge by another large 
earthen berm and by a small, 16.8-acre, vegetated marsh by a 
distance of approximately 6,560 ft, depending on the inunda-
tion of the marsh by Bear Lake.

Methods
USGS personnel collected groundwater levels and 

nutrient samples for nutrient analysis in shallow groundwater 
around the Willbrandt Pond East and Pond West. Surface-
water levels and water samples were also collected at Bear 
Lake and Willbrandt Pond West. In addition, groundwater flow 
direction was calculated using groundwater levels measured at 
Wells 1–5 (fig. 2). Groundwater seepage was directly mea-
sured using seepage meters and estimated based on water-level 
observations. Nutrient and chloride concentrations in the col-
lected water samples were measured and those measurements 
were used in calculating loads. 
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Water-Level Monitoring Equipment Installation

Five shallow groundwater monitoring wells were installed 
on June 9, 2015, around the Willbrandt Pond East and Pond West 
and near the mouth of Bear Creek. Wells were placed between 
the Willbrandt Pond East and Pond West and Bear Lake or Bear 
Creek to obtain samples to determine shallow groundwater nutri-
ent concentrations in flux. Water levels were computed for each 
well to determine general direction of shallow groundwater flow 
and range of water elevations throughout the study. The maxi-
mum depth of the wells did not exceed 6 ft and the wells were 
installed using a handheld sliding hammer. Characteristics for 
each groundwater well are provided in table 1. Groundwater well 
installation techniques followed those published by Cunningham 
and Schalk (2011). Continuous water-level elevation monitoring 
equipment was installed in Well 1, Well 3, and Well 4 (fig. 1); 
all three wells were equipped with a pressure transducer, which 
recorded the water level and water temperature in the well every 
15 minutes. Well 3 also was equipped with a barometric pressure 
sensor that recorded barometric pressure for water-level calcu-
lation every 15 minutes. These barometric data were used to 
calculate pressure-adjusted water levels in the surrounding wells 
(Cunningham and Schalk, 2011). 

Surface-water site characteristics are provided in table 2. 
The location of each groundwater and surface-water monitoring 
location are presented in figure 1. Surface-water sampling sites 
were established on Bear Lake and Willbrandt Pond West (here-
after referred to as “Lake” and “Pond”) to compare surface-water 
levels and groundwater levels. Water elevations computed by 
the pressure transducers in Bear Lake and Willbrandt Pond West 

were applied to the Dupuit equation to obtain shallow ground-
water nutrient loads (Rosenberry 2008). Pressure transducers 
were installed in Willbrandt Pond West and Bear Lake, which 
recorded absolute pressure and temperature every 15 minutes. 
Surface-water levels were produced by compensating for atmo-
spheric pressure fluctuations using the barometric logger. Pres-
sure transducer software (Win-Situ 5 version 5.6.27.1) produced 
compensated water-level data using synchronized data files from 
the barometric logger and pressure transducer sites. Because 
of malfunctions in the pressure transducers from October 2015 
to November 2015 barometric pressure data was taken from a 
local National Oceanic and Atmospheric Administration weather 
station in Muskegon, Mich. (NOAA, 2015), to compute surface-
water levels at Bear Lake and Willbrandt Pond West. 

Water-Level Measurements

Discrete groundwater levels were made using an electri-
cal tape and (or) steel tape at the time of each sampling event. 
Groundwater-level measurements were made before and 
after purging and sampling wells to compare with continu-
ously recorded water-level data. Discrepancies in continuously 
recorded water-level data with the discrete water-level measure-
ments plus or minus 0.02-ft were corrected to match the discrete 
water level. All groundwater-level measurements were collected 
following guidelines described in Cunningham and Schalk 
(2011). Discrete surface-water-level measurements were made 
at Willbrandt Pond West and Bear Lake using a folding rule 
from an established measuring point to water surface. Similarly, 
discrepancies in continuously recorded water-level data with the 

U.S. Geological Survey 
employee installing shallow 
groundwater wells on 
northeast end of Bear Lake, 
Muskegon County, Michigan. 
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Table 1.  Groundwater well characteristics. 

[in., inch; ft, foot; NAVD 88, North American Vertical Datum of 1988]

Well 
name

Site  
number

Date of 
install

Date of 
transducer 
installation

Diameter 
(in.)

Screened 
interval 

open top (ft)

Screened 
interval 

open  
bottom (ft)

Measuring 
point (ft)

Well 
depth (ft)

Well  
elevation  
(ft above 
NAVD 88)

Well 1 431556086160101 6/9/2015 6/23/2015 2 1.7 4.3 3.65 5 579.91
Well 2 431555086160101 6/9/2015 none 2 2.43 5.03 2.92 5.73 580.55
Well 3 431553086155701 6/9/2015 6/16/2015 2 2.35 4.95 3 5.65 579.75
Well 4 431548086160201 6/9/2015 6/23/2015 2 2.55 5.15 2.8 5.85 578.38
Well 5 431604086154201 6/9/2015 none 2 1.23 3.83 4.12 4.53 578.88

Table 2.  Surface water site information.

[ft, foot; NAVD 88, North American Vertical Datum of 1988]

Surface water  
site name

Site number
Date of site  
installation

Measuring point  
(ft above NAVD 88)

Depth below  
measuring point (ft)

Bear Lake 431533086161901 6/22/2015 579.47 0.5
Willbrandt Pond West 431556086161001 6/22/2015 579.73 0.5

discrete water-level measurements plus or minus 0.02-ft 
were corrected to match the discrete water level. Water-
level data can be accessed from the USGS National Water 
Information System (NWIS) database (U.S. Geological 
Survey, 2017). 

Flux Measurements 

Five discrete seepage measurements were collected 
on October 6, 2015, along the berms of Willbrandt Pond 
East and Pond West in Bear Creek. These measurements 
were collected using a plastic 55-gallon half-barrel seep-
age meter to make a direct measurement of the flux of 
water across the sediment-water interface (Rosenberry 
and LaBaugh, 2008). A half-barrel drum was submerged 
into the surface water and positioned into the sediment to 
contain and measure the groundwater seepage that crosses 
the sediment-water interface. A plastic bag was then 
attached to the chamber for a measured amount of time, 
after which the bag was removed and the volume of water 
contained in the bag was measured. Change in volume 
during the time the bag was attached is the volumetric rate 
of flow (volume/time). The volumetric rate of flow was 
used to calculate flux velocity (distance/time), by dividing 
by the specific area of the seepage meter (Rosenberry and 
LaBaugh, 2008). The half-barrel drum used to calculate 

U.S. Geological Survey staff taking discrete water-level measurements 
in preparation for nutrient sample collection, Bear Lake Muskegon 
County, Michigan.
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seepage had an area of approximately 2.70-square-foot. The 
change in volume over the time the seepage test was done is the 
volumetric flow rate of groundwater seepage. Positive numbers 
indicate flux velocity out of the unconfined aquifer (Willbrandt 
Pond West and Pond East) and negative numbers indicate a flux 
velocity into the confined aquifer. Specific coordinate locations 
of seepage measurements and flux velocity at each location are 
described in table 3. Seepage measurement data can be accessed 
from the USGS ScienceBase catalog website (Hoard and others, 
2017).

Table 3.  Flux measurement summary.

[Positive numbers indicate flux velocity out of the unconfined aquifer 
(Willbrandt Pond West and Pond East) and negative numbers indicate a flux 
velocity into the confined aquifer]

Measurement 
number

North  
latitude

West  
longitude

Seepage  
(inch per day)

1 43.2655 –86.2671 –0.46
2 43.2655 –86.2669 –0.05
3 43.2657 –86.2668 0.07
4 43.2664 –86.2658 –0.36
5 43.2678 –86.2616 0.22

Water Chemistry Sampling

 During the 6-month sampling period, 12 samples were 
collected from all sample locations (fig. 2). An external hand-
held peristaltic pump with clean tubing was used to collect 
samples from all sample locations. Before each groundwater 
sample was taken, wells were purged of approximately three 
well volumes to obtain an accurate representation of local 
groundwater. Water-quality parameters (temperature, specific 
conductance, pH, and dissolved oxygen) were recorded before 
sample collection and during well purging with a multiparam-
eter water-quality sonde. Samples were collected in accor-
dance with the USGS National Field Manual (U.S. Geological 
Survey, 2006). Samples were analyzed at the USGS National 
Water Quality Laboratory (NWQL) for schedules 2711 and 
1571 that include ammonia, nitrite, nitrate, total nitrogen, 
phosphorus, phosphate, and chloride. Processing, filtering, 
and preservation of samples were done in the field following 
the USGS National Field Manual guidelines (U.S. Geological 
Survey, 2006). Robust Regression on Order Statistics (ROS) 
was used on all possible summary statistics involving constitu-
ent data, which compensated for below laboratory reported 
level data bias. Groundwater and surface-water quality data 
collected by USGS can be accessed from the NWIS database 
(U.S. Geological Survey, 2017). 

Water quality sampling equipment at 
Well 4 Bear Lake, Muskegon County, 
Michigan. 
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Dupuit Flux Estimation 

 Surface-water levels from Willbrandt Pond West, Bear 
Lake, and Bear Creek were used in combination with esti-
mated water levels from Willbrandt Pond East to determine 
groundwater flux using the Dupuit equation (Rosenberry and 
LaBaugh, 2008). The Dupuit equation is for steady-state one-
dimensional flow and when applied to this system it responds 
rapidly to changes in head, which produces an instantaneous 
flux, and as such, an instantaneous load. Water elevations from 
Willbrandt Pond East are assumed to be similar to, but not 
the same as, Willbrandt Pond West because of the separation 
and location of both Pond West and East. Possible differences 
in water levels between Pond West and East were taken into 
account and an estimated load range is displayed with and 
without East Pond load contributions (table 5). The Dupuit 
equation for an unconfined aquifer is as follows: 

Q Km
h h

=
−( )1

2
2

2

L2
(1)

Where
	 Q 	 is flux through vertical plane, in cubic feet per 

day;
 	 K	 is horizontal hydraulic conductivity, in feet 

per day;
	 m	 is length of the shoreline;
 	 h1	 is saturated aquifer thickness at the shoreline 

of the pond;
	 h2	 is saturated aquifer thickness at Bear Lake or 

Bear Creek; and
	 L	 is the distance from Willbrandt Pond West and 

East to Bear Creek or Bear Lake.

 Figure 3.  Dupuit equation variable reference.

h1 h2

Horizontal hydraulic conductivity  

Distance of flux 

Actual water table

Estimated Dupuit water tableh∆

Distance of shoreline

Willbrant Pond West 
or 

Willbrant Pond East

Bear Lake or Bear Creek

Ground surface

L

K

Q=Km 
2Lm 




h1

2−h2
2
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The hydraulic conductivity for the unconfined aquifer 
between the Willbrandt Ponds and Bear Lake was estimated to 
be an average of 0.33 foot per day based on general sediment 
content established during well installation (Driscoll, 1986). 
The length of shoreline and distance of the aquifer ( and was 
measured from aerial imagery using Google Earth (April 14, 
2016, Muskegon, Mich., 43° 15’55.67” North 86° 15’51.09” 
West). Four areas were factored into the Dupuit equation to 
get the length of shoreline and aquifer distance. Area one was 
the shoreline on the northwest side of Willbrandt Pond East, 
area two is the west side of Willbrandt Pond West, area three 
is the south side of Willbrandt Pond West, and area four is the 
north end of Willbrandt Pond West. Nutrient concentrations 
from corresponding wells were applied to the Dupuit equation 
when calculating nutrient load. Saturated aquifer thickness 
was calculated by taking the difference between water levels 
of the Willbrandt Ponds and closest associated bodies of water 
(Bear Lake or Bear Creek). Values for and were calculated 
using 14,940 continuously recorded water-level measurements 
(every 15 minutes) for the 6-month study period. To obtain an 
un-inflated and , 567.58 value, a nominal unconfined aquifer 
reference depth of 12 ft was used based on Bear Lake and 
Bear Creek depths. The value of was calculated every 15 min-
utes and summed to obtain a yearly flux. Methods for obtain-
ing groundwater flux with the Dupuit equation were similar 
to those techniques used in the publication by Brennan and 
others (2015). A variable reference illustration is displayed to 
explain all of the variables used in the Dupuit nutrient calcula-
tions (fig. 3). A Monte Carlo themed approach was taken to 
establish if observed values calculated in the Dupuit equation 
fell within a 95-percent confidence interval of 1,000 pseudo-
random realizations. One thousand realizations were devel-
oped based on observed values for each variable and standard 
error of equipment/analysis. A Monte Carlo simulation was 
developed for a fixed K value and non-fixed K with a standard 
deviation of 10 from the estimated value. Both fixed K and 
non-fixed K simulations fell within a 99-percent confidence 
interval produced by each simulation. 

Direct Seepage Flux Estimations

Discrete seepage measurements were collected on October 
6, 2015, along the berms of Willbrandt Ponds East and West in 
Bear Creek and were used in the calculation of direct seepage 
flux estimations. Positive seepage measurements were averaged 
to obtain an estimated direct seepage measurement, which was 
multiplied by estimated fluxing areas around Willbrandt Pond 
West and East to obtain a flux in cubic feet per year (table 5). 
The direct seepage method yielded an approximate 3,944,100 
cubic feet per year flux, which is relatively close to the Dupuit 
estimation (4,645,600 cubic meters per year).

Computation of Constituent Loads

Annual loads were computed for total phosphorus, 
orthophosphate, total nitrogen, chloride, and ammonia. All 
groundwater nutrient and chloride loads using the Dupuit 
equation method were calculated by multiplying flux estimates 
by measured and interpolated nutrient concentrations. Periods 
of reverse flow were factored into the Dupuit equation, which 
means negative flux was added to the total annual load estima-
tion. The total annual load of these constituents was calculated 
using the discrete nutrient values from Well 1, Well 2, Well 3, 
and Well 5 to produce a bilinear interpolation of each constitu-
ent concentration at 15-minute intervals. These 15-minute 
intervals were coincident with the flux estimates developed 
from the Dupuit assumption above. Interpolated concentration 
values were computed using the “zoo” package in R statisti-
cal programming language (Zeileis and Grothendieck, 2005). 
The interpolated concentration time series was then multiplied 
by corresponding flux time series estimated using the Dupuit 
equation. Load estimates from the 6-month sampling period 
were used to approximate an annual load in pounds per year. 

Averaged discrete flux calculations and mean constituent 
concentrations were used in the calculation of discrete annual 
loads. A physical area was calculated for all four areas listed 
in the previous section and these areas were multiplied by 
direct seepage to obtain a discrete flux estimation. Constituent 
concentrations from closest groundwater wells were used in 
combination with local flux to obtain a seepage nutrient load. 
A Monte Carlo simulation was also produced for the direct 
seepage measurements and observed values fell outside the 
95-percent confidence interval. 

Data-Quality Assurance

Field blank and field replicate samples were collected on 
November 3, 2015, to determine if there was bias introduced 
with sampling equipment and field collection methods and 
to determine the environmental reproducibility of chemistry 
results. Most concentrations of constituents in blank samples 
were below (or near) the National Water Quality Laboratory 
(NWQL) reporting levels for all constituents. Field blank 
samples collected at Well 2 reported concentrations above the 
NWQL laboratory reporting level (0.010 milligram per liter 
[mg/L]) for ammonia (0.0138 mg/L). Well 4 field blank samples 
reported concentrations exceeding the reporting levels for 
ammonia (0.0171 mg/L) and nitrite (0.0018 mg/L; nitrite report-
ing level of 0.001 mg/L). All replicate samples were determined 
to be within 5 percent of associated environmental samples. 
Blank and replicate samples demonstrated that field sample col-
lection methods had little to no effect on observed constituent 
concentrations. Study results were not adjusted as a result. 
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Results

Water Levels 

Continuous water levels from Well 1, Well 3, Well 5, 
Willbrandt Pond West, and the Bear Lake site are summa-
rized in figure 4. On average, Willbrandt Pond West had the 
highest water elevation and Bear Lake had the second lowest 
average surface-water elevation, which indicates that general 
surface-water and groundwater flow is from Willbrandt Pond 
West to Bear Lake. The water level at the Willbrandt Pond 
West remained stable in relation to groundwater and surface-
water levels throughout the 6-month study, which indicated 
a potentially static confined body of surface water. Water 
elevation in the wells typically ranged between Pond West 
elevation and Bear Lake elevation; however, transient spikes 
in groundwater elevation above Willbrandt Pond West eleva-
tions were observed. All sites except Pond West followed the 
same patterns of change in water elevations, which showed 
the immediate interaction between Bear Lake and surrounding 
groundwater. The lowest water elevation on average of all the 
sites was Well 3, which may indicate a seasonal fluctuation of 
groundwater from Bear Lake to Well 3. During mid-October, 
Well 3 shared similar water elevations to Bear Lake and Well 
4, which indicated a loss from the lake to groundwater in the 
area of Well 3. More data would need to be collected to con-
firm seasonal fluctuation of groundwater near Well 3. Due to 
equipment failure, sections of Well 3 and Well 4 water eleva-
tions are incomplete. 

Water Chemistry 

Water chemistry results collected from June to November 
2015 are summarized by constituent and site in table 4. Bear 
Lake and Well 4 were the two most downgradient hydrologic 
features. Phosphorus and nitrogen are important nutrients used 
by all living things to create proteins and carry out important 
biological functions. In the right concentrations, phosphorus 
can promote healthy growth in an environment, but an imbal-
ance can lead to negative environmental effects. Greater than 
0.024 mg/L of phosphorus is indicative of eutrophic conditions 
in lakes (Carlson, 1977). Willbrandt Pond West had the great-
est median value of total phosphorus (1.09 mg/L) of all sites 
studied, which indicated that the Pond West is, on average, 
highly eutrophic. The groundwater connection of Willbrandt 
Pond West to Bear Lake indicates that Pond West is a potential 
source of phosphorus loading to Bear Lake. 

The nitrogen cycle plays an important part in biologi-
cal growth and decay. Imbalance in the nitrogen cycle could 
indicate a more active portion of the environment (Brennan 

and others, 2015). Well 2 had the greatest median value of 
total nitrogen (6.67 mg/L) and ammonia (5.51mg/L); how-
ever, there may be high levels of organic decay prompting 
increased ammonia concentrations in that area. Summary 
statistics include estimated values, and a Robust ROS method 
was applied to all possible values below laboratory reporting 
limits. 

Chloride is considered to be a conservative ion when 
analyzed in the environment. When chloride is bound chemi-
cally in the environment, particulate has very little effect on 
the concentrations of chloride (Mullaney and others, 2009). 
These chemical properties make it a good environmental point 
source indicator of water quality. Concentrations of chloride in 
Willbrandt Pond West on average (118.4 mg/L) were approxi-
mately double the average of Bear Lake (46.6 mg/L). Average 
chloride concentrations in all of the wells except Well 4 and 
Well 3 were between averages of Pond West and Bear Lake, 
which indicates that Pond West is a potential source of both 
nutrients and chloride to Bear Lake. 

Groundwater Nutrient Loads

The summary of the directly measured flux from five 
discrete locations along the northwest berm of Willbrandt 
Pond West and East is presented in table 3. Sites were chosen 
based on soil composition and capability of making seepage 
measurements. Negative fluxes in the seepage measurements 
were not included in the nutrient load calculations. Nutrient 
concentrations in groundwater on average were greater than 
Bear Lake concentrations. As a result, negative fluxes in the 
seepage measurements were not included in the nutrient load 
calculations. 

A comparison of the annual loads for total phosphorus, 
orthophosphate, total nitrogen, chloride, and ammonia with 
both Dupuit and direct seepage methods are presented in table 
5. Both methods for calculating flux represent a likely range 
of constituent loads to Bear Lake. Direct seepage was taken 
short term over a period of a day, but continuous measure-
ments used in the Dupuit equation were taken over 6 months. 
The dataset collected for the Dupuit equation was significantly 
greater than the dataset collected for the direct seepage load, 
making the Dupuit equation more robust. The Dupuit equation 
yielded an estimated 4,645,600 cubic feet per year flux from 
Willbrandt Ponds to Bear Lake while the discrete flux equation 
yielded 3,944,100 cubic feet per year. Nutrient loading was 
calculated using the discrete flux measurements and resulted 
in 110 pounds per year of phosphorus, 80 pounds per year of 
orthophosphate as phosphorus, 460 pounds per year of nitro-
gen, 25,500 pounds per year of chloride, and 300 pounds per 
year of ammonia as nitrogen (table 5).
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Figure 4.  Continuous water levels in feet above North American Vertical Datum of 1988 (NAVD 88).



Results    11

Table 4.  Summary statistics of constituent concentrations by sampling site.—Continued

[Site, site name; Site ID, identification; n, number of samples; mg/L, milligram per liter; STDEV, standard deviation; LRL, laboratory reporting level; <, less 
than; ROS, Regression on Order Statistics]

Site Site ID Constituent n
Median 
(mg/L)

Mean 
(mg/L)

Minimum 
(mg/L)

Maximum  
(mg/L)

STDEV
Above 

LRL
Below 

LRL

Lake 431533086161901 Phosphorus 12 0.06 0.069 0.031 0.145 0.032 12 0
Orthophosphate <0.004 <0.004 <0.004 0.004 0 1 11
Total Nitrogen 0.88 0.905 0.48 1.4 0.252 12 0
Nitrite <0.0011 0.0031 <0.001 0.009 0.0031 5 7
Nitrate 0.04 0.053 0.035 0.184 0.042 2 10
Ammonia <0.0101 0.0341 <0.010 0.09 0.0341 7 5
Chloride 47.3 46.6 42.1 51.4 3.02 12 0

Pond 431556086161001 Phosphorus 12 1.085 1.135 0.772 1.47 0.216 12 0
Orthophosphate 0.66 0.599 0.303 0.763 0.15 12 0
Total Nitrogen 3.345 3.242 1.35 5.02 1.354 12 0
Nitrite 0.005 0.008 0.002 0.016 0.006 12 0
Nitrate 0.0371 0.0411 0.028 0.087 0.0181 3 9
Ammonia 0.185 0.235 0.09 0.56 0.149 12 0
Chloride 119.5 118.4 113 123 3.7 12 0

Well 1 431556086160101 Phosphorus 12 0.184 0.191 0.15 0.25 0.031 12 0
Orthophosphate 0.144 0.13 0.051 0.191 0.049 12 0
Total Nitrogen 1.73 1.75 1.59 1.98 0.12 12 0
Nitrite 0.006 0.006 0.002 0.008 0.002 12 0
Nitrate <0.034 0.034 <0.032 0.038 0.002 0 12
Ammonia 1.145 1.138 1 1.27 0.082 12 0
Chloride 82.6 88.2 74.7 124 15.6 12 0

Well 2 431555086160101 Phosphorus 12 0.137 0.133 0.048 0.248 0.05 12 0
Orthophosphate 0.063 0.068 0.016 0.124 0.037 12 0
Total Nitrogen 6.665 6.533 5.23 7.4 0.568 12 0
Nitrite 0.006 0.006 0.004 0.009 0.002 12 0
Nitrate 0.034 0.034 <0.031 0.036 0.002 0 12
Ammonia 5.505 5.417 4.58 5.8 0.378 12 0
Chloride 110.5 110.8 98.6 135 9.16 12 0

Well 3 431553086155701 Phosphorus 12 0.906 0.956 0.367 1.47 0.3 12 0
Orthophosphate 0.703 0.636 0.255 0.852 0.169 12 0
Total Nitrogen 1.355 1.452 1.03 2.35 0.365 12 0
Nitrite 0.002 0.002 0.001 0.002 0.001 11 1
Nitrate 0.038 0.039 <0.038 0.04 0.001 0 12
Ammonia 0.765 0.742 0.28 0.93 0.175 12 0
Chloride 125 125.5 114 134 7.02 12 0

Well 4 431548086160201 Phosphorus 12 0.009 0.01 0.006 0.019 0.004 12 0
Orthophosphate 0.01 0.011 0.006 0.026 0.006 12 0
Total Nitrogen 0.485 0.579 0.32 1.34 0.282 12 0
Nitrite 0.003 0.003 0.001 0.004 0.001 12 0
Nitrate 0.038 0.044 <0.036 0.12 0.024 1 11
Ammonia 0.01 0.01 <0.010 0.01 0 2 10
Chloride 39.8 40.4 38.8 46.9 2.26 12 0
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Table 4.  Summary statistics of constituent concentrations by sampling site.—Continued

[Site, site name; Site ID, identification; n, number of samples; mg/L, milligram per liter; STDEV, standard deviation; LRL, laboratory reporting level; <, less 
than; ROS, Regression on Order Statistics]

Site Site ID Constituent n
Median 
(mg/L)

Mean 
(mg/L)

Minimum 
(mg/L)

Maximum  
(mg/L)

STDEV
Above 

LRL
Below 

LRL

Well 5 431604086154201 Phosphorus 12 0.362 0.374 0.192 0.591 0.104 12 0
Orthophosphate 0.24 0.265 0.036 0.596 0.172 12 0
Total nitrogen 3.65 3.637 3.13 4.2 0.283 12 0
Nitrite 0.004 0.004 0.001 0.006 0.001 12 0
Nitrate 0.037 0.037 <0.034 0.039 0.001 0 12
Ammonia 3.11 3.076 2.75 3.27 0.176 12 0
Chloride 119 118.7 112 129 4.75 12 0

1Robust ROS methods were applied to all possible constituent summary statistics.

Table 5.  Method comparison of the total annual flux (cubic feet per year) and annual constituent load (pounds per year).

[All observed values calculated using the Dupuit equation fall within a 99-percent confidence interval established by the Monte Carlo simulation. Direct seep-
age calculations fall outside of the 95-percent confidence interval established by the Monte Carlo simulation]

Method
Total  flux 
(cubic feet 
per year)

Total 
phosphorus 
(pounds per 

year)

Ortho-
phosphate 

(pounds per 
year)

Total 
nitrogen 

(pounds per 
year)

Chloride
(pounds per 

year)

Ammonia 
(pounds per 

year)

Dupuit flux and interpolated concentrations 4,645,600 60–130 40–100 200–830 12,700–32,100 130–670

Seepage meter flux and single day average 
measured concentrations

3,944,100 110 80 460 25,500 300

Constituent Concentration Comparison 

Constituent concentration averages from this study were 
compared to the USGS National Water-Quality Assessment 
(NAWQA) and State of Michigan concentration averages in 
table 6. Groundwater and surface-water concentrations from 
this study were compared to USGS NAWQA groundwater 
(USGS, 1999) and State of Michigan groundwater and stream 
water concentrations (Hoard and others, 2009). Median phos-
phorus concentrations in groundwater from the current (2017) 
study were approximately 19 times greater than previously 
reported median groundwater concentrations in Michigan 
(Cummings, 1989). Median orthophosphate concentrations 
from the current study were at least 11 times greater than 
previously reported mean orthophosphate concentrations 
in groundwater from Michigan (Cummings, 1989). Median 

total nitrogen, ammonia, and nitrate plus nitrite concentra-
tions from groundwater in the current study were 5.7 times, 
14.4 times, and 1.8 times greater, respectively, than State of 
Michigan median concentrations (Cummings, 1989); how-
ever, mean nitrate plus nitrite concentrations in groundwater 
from the current study were 53.6 percent less than the national 
mean nitrate plus nitrite concentration in groundwater (USGS, 
1999). Phosphorus concentrations in Willbrandt Pond West 
were 21 times greater than the State of Michigan surface-water 
means. Although the comparison is between the stagnant West 
Pond and the well-mixed streams of Michigan, the difference 
in concentrations is still large. In addition, the groundwater 
nutrient concentrations from this study (except for nitrate plus 
nitrite) are higher than USGS NAWQA (USGS, 1999) and 
State of Michigan average concentrations.
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Table 6.  Comparison of study observations with previously reported national and regional observations.

[NAWQA, National Water Quality Assessment; USGS, U.S. Geological Survey; mg/L, milligram per liter; P, phosphorus; na, not available from this study;  
<, less than; N, nitrogen]

Constituent
Current study
pond mean1

Current study
groundwater 

mean/median1

Current study
Bear Lake mean1

USGS NAWQA 
national ground-

water mean2

State of Michigan 
groundwater 

median3

State of Michigan 
stream water 

mean4

Phosphorus (mg/L 
as P)

1.14 0.333/0.193 0.069 na 0.01 0.052

Orthophosphate 
(mg/L as P)

0.598 0.223/.118 0.004 0.02 <0.01 na

Total nitrogen 
(mg/L as N)

3.24 2.79/1.76 0.95 na 0.31 0.583

Ammonia 
(mg/L as N)

0.235 2.08/1.15 0.037 na 0.08 0.055

Nitrate plus nitrite 
(mg/L as N)

0.00775 0.0373/.036 0.0541 2 0.02 0.982

1Data summary from the current study.
2From USGS, 1999.
3From Cummings, 1989.
4From Hoard and others, 2009.

Phosphorus Loads

In 2008, the MDEQ calculated the internal and external 
phosphorus load of Bear Lake, and in 2015, AWRI did a study 
to further update the internal phosphorus loading in Bear Lake 
(MDEQ, 2008; AWRI, 2014). These data were used in con-
junction with data from this current study to update the mass 
balance for total phosphorus in Bear Lake. Annual phosphorus 
loads were calculated using the Dupuit equation as well as 
direct seepage measurements collected as part of this study, 
and data are presented in table 5. A current phosphorus load 
has been established using shallow groundwater loads from 
this study and phosphorus loads from previous studies (AWRI, 
2015; MDEQ, 2008). The MDEQ calculated an initial internal 
and external phosphorus load (total 3,387 lb/yr) for Bear 
Lake in 2008, which indicated about one-half of phosphorus 

loading was external, mostly from Bear Creek (45 percent), 
and about one-half was internal (46 percent) (MDEQ, 2008). 
A total phosphorus load from MDEQ’s study is shown in 
figure 5A. Later in 2014, AWRI updated the internal phospho-
rus calculations to better represent internal load by sampling 
total phosphorus in sediment from multiple locations in Bear 
Lake (AWRI, 2014). Phosphorus loads from MDEQ and 
AWRI were combined to make an updated phosphorus load in 
Bear Lake (fig. 5B). The current phosphorus load displays the 
contribution of shallow groundwater from Willbrandt Pond 
East and West using Dupuit and direct seepage calculations 
(fig. 5C). Dupuit equation method and direct seepage loads 
were incorporated into the updated phosphorus load to show 
a current phosphorus load (fig. 5D). Considering the current 
phosphorus budget, there is still 16–19 percent of the phos-
phorus load unaccounted for in Bear Lake. 
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Figure 5.  Phosphorus load of Bear Lake based on Michigan Department of Environmental Quality (MDEQ) initial estimations and updated 
estimations by Annis Water Resource Institute (AWRI) and U.S. Geological Survey (USGS).  A, The initial estimated phosphorus load of  
Bear Lake established by the MDEQ in 2008. B, MDEQ’s initial phosphorus load estimation of Bear Lake with an updated internal load by  
AWRI in 2015. C, Updated phosphorus load including USGS estimation of shallow groundwater phosphorus load estimated with discrete 
seepage measurements. D, Updated phosphorus load including USGS estimation of shallow groundwater phosphorus load estimated with  
the Dupuit equation.
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Summary and Conclusions
The Willbrandt Ponds study area consists of two man-

made earthen berm retention ponds (Willbrandt Ponds East 
and West) on the northeast end of Bear Lake in North Mus-
kegon, Michigan, in Muskegon County. Studies conducted 
by the State of Michigan and Grand Valley State University 
revised initial internal phosphorus load estimates and indi-
cated an imbalance in the phosphorus budget in Bear Lake. 
From June 2015 through November 2015, the U.S. Geological 
Survey conducted an investigative study to quantify the load 
of nutrients from shallow groundwater around the Willbrandt 
Ponds in an effort to update the phosphorus load into Bear 
Lake. Seven sampling sites were established, including two 
surface-water sites and five shallow groundwater wells, in the 
pond study area and Bear Lake. Twelve samples were col-
lected at each site. Water quality data from the 12 samples 
taken were used in loading calculations and statistical com-
parison to national and Michigan data. Continuous (15-minute 
interval) water-level measurements were collected at Pond 
West, Bear Lake, Well 1, Well 3, and Well 4. Discrete water-
level measurements were made before and after purging and 
sampling wells. Discrete groundwater flux measurements were 
made on October 6, 2015, at five locations along Pond West 
and Pond East. Data obtained from these measurements and 
samples were used to assess the annual flux of groundwater 
and the annual load of nutrients from shallow groundwater 
into Bear Lake.

Analysis of water levels showed that on average Will-
brandt Pond West had the highest water-level elevation and 
Bear Lake had the second lowest average water elevation, 
which indicated that the general flow of water was from Will-
brandt Pond West to Bear Lake. Water elevation in the wells 
typically ranged between Pond West elevation and Bear Lake 
elevation; however, transient spikes in groundwater elevation 
above Willbrandt Pond West elevations were observed.

Median phosphorus concentrations in groundwater from 
the current study were an order of magnitude greater than 
previously reported median groundwater concentrations in 
Michigan. Median orthophosphate concentrations from the 
current study were also greater than previously reported mean 
orthophosphate concentrations in groundwater from Michi-
gan. Concentrations of nitrogen constituents were compared 
between the current study and values obtained from Michigan 
and the Nation. Median total nitrogen, ammonia, and nitrate 
plus nitrite concentrations from groundwater in the current 
study were all greater than State of Michigan median con-
centrations; however, mean nitrate plus nitrite concentrations 
in groundwater from the current study were about one-half 
that of the national mean nitrate plus nitrite concentration in 
groundwater.

Computations using the Dupuit equation for steady-state 
flow in an unconfined aquifer of water-level measurements in 
the Pond West and Bear Lake sites resulted in an estimated 
annual groundwater flux of 4,645,600 cubic feet annually. 
The estimated annual nutrient loads using the Dupuit equation 
were 60–130 pounds per year of phosphorus, 40–100 pounds 
per year of orthophosphate as phosphorus, 200–830 pounds 
per year of nitrogen, 12,700–32,100 pounds per year of chlo-
ride, and 130-670 pounds per year of ammonia as nitrogen. 

Computations using seepage measurements from half-
barrel seepage meters on October 6, 2015 at five locations 
around the Willbrandt Ponds resulted in an estimated annual 
groundwater flux of 3,944,070 cubic feet annually. Nutrient 
loading was calculated using the discrete flux measurements 
and resulted in 110 pounds per year of phosphorus, 80 pounds 
per year of orthophosphate, 460 pounds per year of nitrogen, 
25,500 pounds per year of chloride, and 300 pounds per year 
of ammonia. Both estimates used in this study (Dupuit and 
direct seepage) were within a close range of each other, which 
confirmed general accuracy of load estimates. The actual load 
of each constituent likely falls within the range of values. 

Previous studies of this area have been particularly focused 
on phosphorus loading that drives the Muskegon Lake area 
of concern (AOC) eutrophication beneficial use impairment. 
Based on the current study, the likely range of phosphorus being 
delivered from shallow groundwater to Bear Lake is between 
110 and 130 pounds of phosphorus per year, which represents 
4 percent of the previously reported annual phosphorus load to 
Bear Lake. No chemical balance comparisons can be made for 
total nitrogen, ammonia, or chloride loads because they have 
not been previously investigated at Bear Lake. 

This research has helped refine the nutrient balance esti-
mated to Bear Lake, a component of the Muskegon Lake area 
of concern. The information provided can inform management 
decisions for prioritizing actions to improve the water quality 
and lead to delisting beneficial use impairments for this area.

Limitations

This study was done during a 6-month span, but annual 
collection of water levels and nutrient concentrations would 
further refine nutrient loads into Bear Lake and would provide 
more accuracy to shallow groundwater load estimations used 
in this study (Dupuit equation). Also, additional seepage and 
piezometer measurements would be beneficial in estimating 
groundwater flux in this area. An additional surface-water site 
on Willbrandt Pond East would also help in determining the 
nutrient loading from Pond East to Bear Lake.
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