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Simulation of the Shallow Groundwater-Flow System  
in the Forest County Potawatomi Community,  
Forest County, Wisconsin 

By Michael N. Fienen, David A. Saad, and Paul F. Juckem 

Abstract
The shallow groundwater system in the Forest County 

Potawatomi Comminity, Forest County, Wisconsin, was simu-
lated by expanding and recalibrating a previously calibrated 
regional model. The existing model was updated using newly 
collected water-level measurements, inclusion of surface-
water features beyond the previous near-field boundary, and 
refinements to surface-water features. The updated model 
then was used to calculate the area contributing recharge for 
seven existing and three proposed pumping locations on lands 
of the Forest County Potawatomi Community. The existing 
wells were the subject of a 2004 source-water evaluation in 
which areas contributing recharge were calculated using the 
fixed-radius method. The motivation for the present (2012) 
project was to improve the level of detail of areas contributing 
recharge for the existing wells and to provide similar analysis 
for the proposed wells. 

Delineated 5- and 10-year areas contributing recharge for 
existing and proposed wells extend from the areas of pumping 
to delineate the area at the surface contributing recharge to the 
wells. Steady-state pumping was simulated for two scenarios: 
a base-pumping scenario using pumping rates that reflect what
the Community currently (2012) pumps (or plans to in the case
of proposed wells), and a high-pumping scenario in which the
rate was set to the maximum expected from wells installed in 
this area, according to the Forest County Potawatomi Com-
munity Natural Resources Department. In general, the 10-year
areas contributing recharge did not intersect surface-water
bodies. The 5- and 10-year areas contributing recharge simu-
lated at the maximum pumping rate at Bug Lake Road may
intersect Bug Lake. At the casino near the Town of Carter, 
Wisconsin, the 10-year areas contributing recharge intersect 
infiltration ponds. At the Devils Lake and Lois Crow Drive 
wells, areas contributing recharge are near cultural features, 
including residences.

Introduction
A new groundwater-pumping regime has been proposed 

by the Forest County Potawatomi Community (FCPC), which 
includes ongoing pumping from seven existing wells and 
additional pumping from three proposed wells at five locations 
in the Forest County Potawatomi Community, Forest County, 
Wisconsin (fig. 1). A study was performed by the U.S. Geo-
logical Survey (USGS), in cooperation with the FCPC, to 
delineate the area contributing recharge of each of the wells in 
the proposed pumping regime. The area contributing recharge 
is the two-dimensional projection, or footprint on the land 
surface, of the water entering the aquifer system that will be 
captured by a well. Contributing recharge areas are useful for 
identifying the parts of the aquifer system that supply water 
to wells and have utility for assessing a well’s vulnerability to 
contamination. 

The FCPC existing and proposed wells reside in an area 
largely encompassed by and adjacent to a previously pub-
lished model area of the regional, shallow groundwater system 
developed using GFLOW (Kelson and others, 2002) (fig. 1). 
To improve understanding of shallow groundwater flow in the 
local FCPC area, additional field data collection, model expan-
sion, and model simulations were completed by the USGS, 
in cooperation with the FCPC. The existing model (Kelson 
and others, 2002) was spatially expanded to encompass the 
FCPC wells. The updated model then was recalibrated using 
new field observations of both lake levels and Q80 streamflows, 
defined as the flow that is equaled or exceeded 80 percent of 
the time, (fig. 1 and tables 1 and 2) and then used to delineate 
areas contributing recharge to wells under an expected pump-
ing regime (average pumping rates) and a maximum expected 
pumping scenario (maximum pumping rates). The recharge 
and hydraulic conductivity values chosen for the updated 
model reflected low-recharge and low-streamflow conditions. 
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Introduction  3

Table 1. Lake-level measurements (NAVD 88) made during October 25–27, 2010, in the Forest 
County Potawatomi Community, Forest County, Wisconsin.

Name Northing Easting
Water  

elevation  
(meters)

Water  
elevation  

(feet)

Calibration  
target

Constant head  
model input

Lake Lucerne 5046209.761 355664.195 499.80 1639.76 x
Trump Lake 5037797.132 371077.640 477.20 1565.62 x
Lake Wabikon 5047649.023 360574.630 483.09 1584.95 x
Devils Lake 5045592.429 356850.421 527.88 1731.88 x
Lake Metonga 5046805.969 351932.085 486.94 1597.55 x

Table 2. Flow measurements (Q80 ) defined  
as the flow that is equaled or exceeded  
80 percent of the time, provided by the  
Forest County Potawatomi Community,  
Forest County, Wisconsin, and used as  
model-calibration targets.

Surface-water site
Q80  

(cubic feet per day)

Colburn Creek 325,728
North Branch Oconto 925,344
Otter Creek (headwater) 199,584
Swan Creek 45,792
Torpee Creek 304,128
Swamp Creek1 1,709,000

1Swamp Creek value taken from Kelson and others 
(2002). 

In order to simulate thinning of the aquifer to the southeast, an 
additional hydraulic conductivity inhomogeneity was added 
(fig. 1). Using expanded streamflow data and updated lake 
levels, the recharge rate for the entire model and hydraulic 
conductivity in the newly added inhomogeneity were esti-
mated using the general parameter estimation software pack-
age, PEST (Doherty, 2010).

In a simple aquifer system, the ultimate source of water 
to a well is recharge to the water table and the size of a well’s 
area contributing recharge is inversely related to the recharge 
rate and aquifer porosity for a given pumping rate (Reilly 
and Pollock, 1993). In this relatively simple aquifer system, 
low-recharge conditions represent the largest expected areas of 
contribution, thus forming a conservative endmember of well 
vulnerability. This motivates the choice for using hydraulic 
conductivity and recharge values from the “Q80 without Lake 
Lucerne” scenario of Kelson and others (2002) as a starting 
point for values in this model. The hydraulic conductivity 
values in the model area covered by Kelson and others 
(2002) were originally estimated using a large number of data 
points. As a result, the hydraulic conductivity values were 
not updated in the model described in this report. Recharge, 
on the other hand, was updated to inform the water balance 

with current (2012) streamflow data. This was done using the 
Kelson and others (2002) values as a starting point and using 
the Q80 statistic of expanded streamflow data provided by the 
FCPC.

Purpose and Scope

This report describes changes to the regional groundwater 
model of Kelson and others (2002) used for simulation of the 
shallow groundwater-flow system near the FCPC in Forest 
County, Wisconsin, and the surrounding areas. Simulations 
were performed using the model to delineate the areas contrib-
uting recharge to seven existing and three proposed pumping 
wells corresponding to two pumping scenarios selected by the 
FCPC. The model and collection of new data focused on the 
shallow groundwater-flow system in the vicinity of several 
existing and proposed wells because of the locations of the 
wells, an emphasis on groundwater and surface-water interac-
tions, and the absence of confining units in the modeled area.

Physical Setting

The study area (fig. 1) is located in southern Forest 
County, Wisconsin. The regional groundwater system in 
the FCPC area is a relatively thin (ranging from about 15 to 
150 feet (ft) in thickness) glacial aquifer overlying compara-
tively impermeable Precambrian igneous and metamorphic 
rocks (Soller and Packard, 1998). Wells are completed in this 
thin glacial aquifer. Seepage and drainage lakes are common 
in the area and affect the groundwater-flow system. Seepage 
lakes have neither an inlet nor an outlet with water supplied 
by precipitation, runoff, and groundwater. Drainage lakes have 
both an inlet and an outlet and, while they may be in contact 
with the groundwater-flow system, the main source of water is 
stream drainage (Wisconsin Department of Natural Resources, 
1995). The seven existing and three proposed wells are located 
at five locations (fig. 1). Several of the wells are located near 
surface-water features. The regional hydrology is discussed in 
more detail by Kelson and others (2002). In the 1990s, a mine 
was proposed in the study area, which was the motivation for 
the Kelson and others (2002) model.
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Data Sources

With the few exceptions noted in this report, this study 
is based on the previously published model of Kelson and 
others (2002). Surface-water elevations for Lucerne, Trump, 
Wabikon, Devils, and Metonga Lakes were collected during 
October 25–27, 2010, and the measurements are presented in 
table 1. Lake stage at two locations—Trump Lake and Lake 
Wabikon—were used as calibration targets. The other lake 
stages were entered into the model as boundary conditions 
representing updated conditions. All surface-water level mea-
surements are reported as feet and are referenced to the North 
American Vertical Datum of 1988 (NAVD 88). The locations 
of the existing and proposed groundwater wells were provided 
by the FCPC. The FCPC also provided streamflow measure-
ments that were used, in conjunction with the USGS Swamp 
Creek streamgage, as water balance calibration targets pertain-
ing to both the original and expanded domains (table 2). Table 
2 reports the Q80 flow values, in cubic feet per day, based on 
the FCPC measurements that span 2 years (2010–11). The Q80 
flow value for Swamp Creek, however, is based on Kelson and 
others (2002).

Methods
The two-dimensional model used for this study is an 

Analytic Element Method (AEM) groundwater-flow model 
(GFLOW, Haitjema, 1995) that was developed for the region 
by Kelson and others (2002). Hunt (2006) gives a review of 
applications of the analytic element method, and Haitjema 
(1995) discusses the underlying concepts and mathematics of 
the method in detail. A complete description of the AEM is 
beyond the scope of this report, but a brief description follows. 

In AEM, the model domain (model area) is represented 
by a gridless, infinite aquifer, and the solution accuracy is 
independent of the grid size. The AEM and comparisons of 
analytic element to finite-difference numerical-model tech-
niques have been extensively discussed in peer-reviewed 
literature (Haitjema, 1995; Hunt and Krohelski, 1996; Hunt 
and others 1998; Hunt and others, 2003; and Hunt, 2006). 

To construct an analytic element model, features impor-
tant for controlling groundwater flow (for example, wells and 
surface-water features) are entered as mathematical elements 
or strings of elements. The amount of detail specified for the 
features depends on distance from the area of interest. Each 
element is represented by an analytic solution to the ground-
water-flow equation. The effects of these individual solutions 
are added together to form a solution for any location in the 
simulated groundwater-flow system. Heads and flows can 
be computed anywhere in the model domain without nodal 

averaging, because the solution is not confined to a grid. In 
the GFLOW model used here, the analytic elements are two 
dimensional and are used only to simulate steady-state condi-
tions—that is, water levels and streamflows that do not vary 
with time. 

The regional GFLOW model of Kelson and others (2002) 
was originally calibrated with the parameter estimation code, 
UCODE (Poeter and Hill, 1998) and in this current effort was 
partially recalibrated to new data using PEST (Doherty, 2010). 
Details about the original calibration and data are provided 
in Kelson and others (2002). The partial recalibration using 
PEST was motivated both by the expanded spatial domain of 
the original GFLOW model to accommodate the well loca-
tions of interest and updated streamflow information that 
reflects potential changes in recharge rate. These issues and 
the decisions guiding the use of PEST for partial recalibration 
are discussed the next section, and details of the recalibration 
are discussed in a subsequent section.

The spatial domain of the current GFLOW model repre-
sents an expansion of the original model. In the southeastern 
part of the expanded domain, the thickness of the aquifer 
decreases is evidenced both by field observations of bedrock 
outcrops and by the depth to bedrock map by Trotta and 
Cotter (1973). Moreover, an initial trial-and-error calibration 
produced a better fit to groundwater-head data in that area by 
effectively decreasing transmissivity. Transmissivity is the 
product of hydraulic conductivity and aquifer thickness and, in 
two-dimensional modeling such as in this case, transmissivity 
governs groundwater flow through the aquifer. As a result, by 
enforcing a uniform thickness for the entire model domain, 
adjusting hydraulic conductivity is an effective way to account 
for an anomaly of transmissivity. 

The techniques described in this report take into account 
more of the aquifer dynamics than the fixed-radius method 
used by Watkins (2004). In the fixed-radius method, the equa-
tion used is

 r Qt
nH

=
π

 (1)

where 
 r is the radius, 
 Q is the pumping rate, 
 t is the time of pumping, 
 π is the mathematical constant, 
 n is the porosity, and 
 H is the aquifer thickness. 

For comparison to the Watkins (2004) results, in the fig-
ures showing areas contributing recharge, the radii calculated 
using the fixed-radius method are depicted as yellow circles.
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Development of a Conceptual Model of the 
Shallow Groundwater-Flow System

Before simulating the groundwater system using a flow-
modeling code, a conceptualization of the hydrologic system 
is essential because it forms the framework for model develop-
ment and reduces the groundwater system into important com-
ponent parts that can be implemented in the flow model. This 
reduction is a necessary simplification of the hydrologic sys-
tem because inclusion of all of the complexities into a model 
is not feasible. Steps in the development of the conceptual 
model include (1) characterization of the aquifer(s), (2) iden-
tification of sources and sinks of water, and (3) identification 
and delineation of hydrologic features in the area of interest. 

In the aquifer, groundwater enters through recharge 
and moves from areas of higher groundwater levels to areas 
of lower groundwater levels and generally discharges to 
surface-water features or pumping wells. Accurate locations 
of surface-water features and pumping wells are, therefore, 
critical to simulating the local groundwater-flow system in the 
vicinity of the FCPC.

Description of the Regional GFLOW Model 

The existing regional GFLOW model used in this report 
was developed by Kelson and others (2002) to investigate 
potential impacts to streamflow and groundwater head owing 
to a proposed mining site. The mining site described by Kel-
son and others (2002) was proposed to target an ore body in 
the area generally indicated by hydraulic conductivity inhomo-
geneities east of a streamgage on Swamp Creek, as identified 
in figure 1. The 1,400-square-mile (mi2) regional model, out-
lined in figure 1 by the recharge-area boundary, encompasses 
most of the southern half of Forest County and the area of the 
existing and proposed wells.

Initial model development by Kelson and others (2002) 
included estimating the elevation of the base of the ground-
water system, horizontal hydraulic conductivity, and recharge 
rate. The base of the model (1,200 ft above NAVD 88) roughly 
corresponds with the top of the crystalline bedrock in the east-
ern portion of the model. In a single-layer GFLOW model, it 
is common to maintain constant aquifer base elevation and to 
adjust hydraulic conductivity values during the model cali-
bration. As a result, aquifer base elevation was held constant 
and not varied during model calibration. Horizontal hydraulic 
conductivity was assigned one of three values corresponding 
to different inhomogeneities identified in figure 1. To account 
for aquifer thinning (and therefore lower transmissivity) in the 
expanded model domain, a fourth hydraulic conductivity zone, 
implemented as an inhomogeneity zone, was outlined in the 
southeastern part of the model domain. Hydraulic conductiv-
ity values for the newly added inhomogeneity value and the 
regional groundwater-recharge value were considered calibra-
tion parameters and were varied during model calibration. 

The parameters were estimated using calibration targets that 
included head values in wells and stream discharge at six loca-
tions during “low-flow” periods—referred to as the Q80 flow 
and defined as the flow that is equaled or exceeded 80 percent 
of the time—as discussed by Kelson and others (2002). The 
size of areas contributing recharge to wells is approximately 
inversely related to recharge value: higher values of recharge 
results in smaller areas contributing recharge for a given 
pumping rate (Bhatt, 1993). Therefore, estimating recharge 
corresponding to Q80 flow conditions results in a relatively 
lower estimated value of recharge and correspondingly larger 
areas contributing recharge. This can be considered a conser-
vative estimate of the well’s capture, because its larger size 
provides a larger margin of safety when evaluating potential 
source areas to the well for a given time horizon.

Published values of horizontal hydraulic conductivity 
for the original model included 33 ft/d for the regional glacial 
and sandstone aquifer and 11 and 19 ft/d for two local inho-
mogeneity inclusions located to the east of Mole Lake (fig. 1). 
Groundwater recharge in the original model was 7.2 in/yr 
(Kelson and others, 2002). All of these values were estimated 
assuming Q80 flow conditions.

In the updated calibration performed for this report, the 
three hydraulic conductivity zones present in the original 
model were held at their previously calibrated values while 
the hydraulic conductivity in the southeastern inhomogene-
ity zone was estimated as 2.5 ft/d. Recharge, calibrated with 
the expanded streamflow dataset covering the entire model 
domain, was estimated to be 6.4 in/yr. This value is lower than 
the value from Kelson and others (2002) and reflects drier 
conditions, which have been experienced in the area since the 
Kelson and others (2002) study.

The groundwater-flow model consists of far-field and 
near-field elements where the latter reflect the area of interest 
and are characterized by more sophisticated representation 
of surface-water features and focused field data collection. 
The main changes to the original Kelson and others (2002) 
model are (1) refinement of channel geometry for Swamp 
Creek and the shoreline of Rice Lake, performed by Fienen 
and others (2011) and based on USGS topographic 7.5-minute 
quadrangle data; (2) refinement of the surface-water features 
near the northern well locations; and (3) expansion of the 
model domain, incorporating new surface-water features to the 
southeast. On the basis of the conceptual model, the location 
and elevation of far-field surface-water features were included 
from the Kelson and others (2002) model (fig. 1). These 
features are rivers and lakes distant from the well locations 
and are simulated with coarse linesink networks and little 
or no resistance between the surface-water features and the 
groundwater system. Some features that were in the far field 
in the Kelson and others (2002) model were refined and turned 
into near-field elements in the expansion of the model, and 
new far-field elements were added to the model. Because an 
infinite aquifer extent is assumed in the AEM, the purpose of 
simulating the far-field features is to have the model explicitly 
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simulate the general groundwater flow in the region and to 
buffer the near-field area of interest from boundary effects. 
The near-field area is focused around the FCPC lands and 
encompasses the locations of all the existing and proposed 
wells.

Streambed resistance in the near field was set to 0.3 day 
by Kelson and others (2002). Resistance is defined as the 
streambed-sediment thickness divided by the vertical hydrau-
lic conductivity. For example, the model value of 0.3 day cor-
responds to a 1 ft sediment thickness and a vertical hydraulic 
conductivity of 3 ft/d. Parameter sensitivity assessments 
(Kelson and others, 2002) demonstrated that the model results 
were not sensitive to changes in streambed resistance when 
varied over reasonable ranges; therefore, the values for all 
streams were fixed in all model runs. The width of each stream 
was assigned according to stream order and field observations 
and ranged from 10 to 100 ft. 

Lakes, except Trump Lake and Lake Wabikon (discussed 
below), were simulated using linesinks with resistance and 
streamflow routing in the near field. Drainage lakes (lakes 
that have a stream outlet) in the near field were linked to the 
stream network by stream elements, based on the methods of 
Hunt and others (1998). Within the perimeter of each lake, the 
recharge rate applied to the lake represents net precipitation 
rather than groundwater recharge; therefore, the water added 
to the lakes differs from that of the regional aquifer. (This can 
be expressed by the equation Rlake = P-Elake; where Rlake is the 
net precipitation recharged inside the lake, P is the annual 
precipitation, and Elake is the evaporation rate from the lake.) 
The net precipitation recharged inside all near-field lakes in 
the model was set equal to 2.3 in/yr. The value of lake linesink 
resistance was set to 0.3 day for all near-field lakes. The width 
assigned to linesinks representing lakes was one-half the 
length of the shortest axis of the lake represented by the line-
sink. The stage of lakes was assigned either from map values 
or specific measurements made using site-specific measure-
ments discussed in the next section.

The stage for Trump Lake and Lake Wabikon was calcu-
lated by GFLOW and used as a calibration target, rather than 
assigning the stage from field measurements. Trump Lake is 
a seepage lake so the only additional information necessary 
to explicitly calculate stage is a stage-volume relation that is 
obtained from bathymetry on USGS 7.5-minute topographic 
maps. As a result, Trump Lake was simulated using explicit 
calculation in GFLOW. Lake Wabikon, on the other hand, is a 
drainage lake. To simulate lake stage in Lake Wabikon, explic-
itly using the lake package of GFLOW in addition to the read-
ily available stage-volume relation, a stage-discharge relation 
for the outlet stream also would be required. This information, 
however, exceeded the scope of this report, so instead, stage 
was calculated by simulating a piezometer in a high hydraulic 
conductivity (10,000 ft/d greater than the background value of 
33 ft/d) zone representing the lake. This approximate method 
(Hunt and Krohelski, 1996) is not as accurate as the full water 
balance calculated by including stage-discharge information, 

but absent that extra information, it is the most appropriate 
option.

The only pumping simulated in the model during cali-
bration was from the existing wells identified later in fig-
ures 3–11. To calculate areas contributing recharge, pumping 
from proposed wells was added to subsequent scenario runs.

Updating Lake Stage Information 
The regional groundwater-flow model was expanded to 

encompass the areas to the east and south of the original model 
by Kelson and others (2002), where the FCPC has existing 
and proposed wells. Surface-water features were added by 
digitizing linesinks based on USGS topographic 7.5-minute 
quadrangle maps. In the areas near wells, previously 
constructed linesinks by Kelson and others (2002) also were 
refined by redigitizing with greater detail based on the same 
quadrangle maps. Updated lake stages were measured during 
October 25–27, 2010, as discussed previously, using a real-
time kinematic (RTK) global-positioning system (GPS). This 
RTK-GPS system is capable of providing sub-inch level 
accuracy, both vertically and horizontally, by differentially 
correcting GPS signals recorded at two separate GPS receivers 
(Wolf and Ghilani, 2002). The field survey was horizontally 
referenced to the Universal Transverse Mercator coordinate 
system and the North American Datum of 1983 (NAD 83), 
as well as the 1997 adjustment of NAD 83 via the Wisconsin 
High Accuracy Reference Network; it was vertically 
referenced to NAVD 88. Table 1 reports the measurements 
of lake stage used in the model either as updated stages or, in 
the case of Trump Lake and Lake Wabikon, as recalibration 
targets.

Partial Recalibration using PEST
The general parameter estimation software package, 

PEST (Doherty, 2010) was used to determine optimal val-
ues of recharge over the entire model domain and hydraulic 
conductivity in the inhomogeneity representing the thinning of 
the aquifer in the southeastern part of the model. To use PEST, 
calibration targets are selected representing model outputs for 
which field observations are available collocated in time and 
space. For this model, the targets were streamflow in several 
stream reaches and two lake-stage values. PEST uses a math-
ematical algorithm (Gauss-Levenberg-Marquardt) to adjust 
parameters systematically, resulting in close correspondence 
between model outputs and the corresponding field measure-
ments. This correspondence, for mathematical reasons, is 
calculated as the sum of the squared differences between 
modeled and measured values, each divided by a weight. The 
user controls how closely the algorithm will make this cor-
respondence (called “fit”) based on the weights assigned to the 
targets. Perfect correspondence is neither possible nor desired 
because uncertainty owing both to measurement techniques 
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and imperfection of the model is always present. For this 
application, the relative quality of the lake-stage targets was 
deemed to be greater than that of the streamflow targets. As a 
result, the weight of the lake-stage targets was set at 1.0 while 
the weights of the streamflow targets were set at the inverse 
of the target value. While more robust weighting practices 
are possible in theory (for example, using quantified standard 
deviation of target values), the uncertainty depends on factors 
(especially model imperfections) that are impossible to truly 
quantify. In this application, the qualitative assignment of 
weights represents expert knowledge about both the model and 
the system, and weights were assigned based on such criteria.

The decision not to recalibrate all parameters in the 
model was motivated by the fact that the previous calibration 
of hydraulic conductivity was made based on many data points 
used by Kelson and others (2002). Hydraulic conductivity is 
an inherent property that, in an aquifer like this one, does not 
change over time. Recharge, on the other hand, can change 
owing to climate variability in addition to inherent material 
properties. Recharge also represents an important factor in 
controlling the water balance of the system. The expansion of 
the model domain, therefore, combined with a more recently 
available dataset, motivated recalibration of recharge. The 
hydraulic conductivity inhomogeneity that was added to 
represent thinning of the aquifer also is outside the domain of 
the Kelson and others (2002) model. The conceptualization 
of thinning of the aquifer was implemented by drawing the 
zonal boundary, but the degree to which the resulting change 
in hydraulic conductivity was implemented needed to be 
informed by the site-specific data, so recalibration was neces-
sary for that parameter.

The modeled lake-stage targets, after partial recalibra-
tion, matched the field measurements to within 0.1 ft. The 
streamflow results were not as close, both as expected owing 
to their temporal uncertainty and as enforced through weight-
ing. Figure 2 shows a comparison of measured and modeled 
streamflow results both before and after partial recalibration. 
The largest changes owing to partial recalibration were seen in 
the values with the largest magnitude: namely, North Branch 
of the Oconto River and Swamp Creek. These two targets also 
are expected to have the largest residuals (difference between 
measured and simulated values). The target data for Swamp 
Creek predates the recalibration data for the expanded model 
area. As a result, the residual at Swamp Creek was expected 
to be higher than at other locations. The North Branch of the 
Oconto River has a headwater section in the main hydraulic 
conductivity region of the model but crosses the boundary to 
the southeast hydraulic conductivity inhomogeneity as it pro-
gresses downstream. The oversimulation of flow in the North 
Branch of the Oconto River could be mitigated by increas-
ing hydraulic conductivity of either hydraulic conductivity 

inhomogeneity in the model. The fact that the North Branch 
of the Oconto River observation is affected by attributes of 
more than one hydraulic conductivity inhomogeneity results 
in less leverage on either inhomogeneity. The residuals in the 
other observations are already low, so a compromise in the 
North Branch of the Oconto River observation is required and 
a lower residual is not obtainable. 

Simulation of the Shallow 
Groundwater-Flow System to Assess 
Areas Contributing Recharge to 
Existing and Proposed Wells in the 
Forest County Potawatomi Community

Existing and proposed wells at five locations were the 
subject of the analysis in this report. In this section, the simu-
lated areal extent of areas contributing recharge to each of 
the proposed and existing wells are presented and discussed. 
Areas contributing recharge were assessed using the GFLOW 
model adapted to the FCPC area conditions as discussed 
earlier in this report. The areas contributing recharge to the 
wells were delineated by backward particle tracking from 
the well to the area of recharge. Mathematical particles of 
water were placed within the well screen at the bottom of the 
aquifer and traced backwards toward the water table for 5- and 
10-year periods using the updated model. The well screens 
were simulated as fully penetrating the aquifer thickness. By 
use of a porosity of 0.2, which is on the lower end of the range 
and typical of sand (Freeze and Cherry, 1979), estimates of 
the time required for a particle of water in the contributing 
area to reach the well also were calculated. Using the lower 
range porosity value is conservative because lower porosity 
results in higher velocity which, in turn, results in larger areas 
contributing recharge for the specified time scales. Simulated 
areas contributing recharge are shown in figures 3–13 for 5- 
and 10-year travel times.

For each location, except the town of Blackwell, two 
pumping rates were evaluated: an average pumping rate and 
a maximum pumping rate. The average pumping rate cor-
responds to typical pumping conditions, while the maximum 
rate is an estimate of the highest rate (and thus the largest area 
contributing recharge) that might be anticipated as a sensitiv-
ity run. All pumping rates were provided by the FCPC. At 
Blackwell, the wells were not yet installed when the analysis 
was performed, so only the average representative rate was 
provided by the FCPC. Table 3 shows the pumping rates for 
each well and figure 1 shows the locations of the wells.
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Figure 2. Chart showing measured and modeled results for streamflow targets before (top panel) and after 
(bottom panel) partial recalibration of the GFLOW model by using PEST. 
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Table 3. Existing and proposed wells with both average and 
maximum flow rates, provided by the Forest County Potawatomi 
Community, Forest County, Wisconsin.

[N/A, not applicable]

Well name

Average  
flow rate  
(gallons  

per minute)

Maximum  
flow rate  
(gallons  

per minute)

Lois Crow Drive 25 30

Devils Lake North 11 17

Devils Lake South 34 40

Bug Lake North 89 150

Bug Lake South 70 80

Carter North 60 105

Carter North Additional 80 100

Carter South 88 88

Blackwell North 60 N/A

Blackwell South 60 N/A

Figures 3 and 4 show the simulated areas contribut-
ing recharge for the wells at Bug Lake Road under average 
and maximum pumping rates, respectively. Under average 
conditions, the simulated areas contributing recharge do not 
intersect any surface-water features, although at maximum 
conditions, the simulated area contributing recharge for the 
Bug Lake North well at 10-year travel time intersects Bug 
Lake.

Figures 5 and 6 show the simulated area contribut-
ing recharge for the well at Lois Crow Drive under average 
and maximum pumping rates, respectively. Under average 
and maximum conditions, the simulated areas contributing 
recharge do not intersect any surface-water features. However, 
several houses are located within the 5-year area. 

Figures 7 and 8 show the simulated areas contributing 
recharge for the wells at Devils Lake Lane under average 
and maximum pumping rates, respectively. Under average 
and maximum conditions, the simulated areas contributing 
recharge do not intersect any surface-water features. Three 
buildings are within the simulated areas contributing recharge.

Figure 9 shows the simulated areas contributing recharge 
for the North and South wells at the town of Blackwell under 
the average pumping conditions. The simulated 10-year area 
contributing recharge for the Blackwell North well intersects 
Swan Creek.

Figures 10 and 11 show the simulated areas contribut-
ing recharge for the wells at the town of Carter under average 
and maximum pumping rates, respectively. Under average 

and maximum conditions, the simulated areas contributing 
recharge intersect the infiltration ponds north of the casino. 
These ponds may be a potential source of water to the Carter 
North and Carter South wells.

Figures 12 and 13 show the simulated areas contribut-
ing recharge for the wells at the town of Carter under average 
and maximum pumping rates, respectively, with an additional 
proposed well simulated further north of the Carter North 
well. Under average and maximum conditions, the simulated 
areas contributing recharge from the original Carter North and 
Carter South wells intersect the ponds north of the casino, and 
the simulated area contributing recharge for the additional 
proposed well further north is limited to forested land.

Assumptions and Limitations
Given the relatively high hydraulic conductivity of the 

aquifer, relatively high net annual precipitation, and presence 
of springs and perennial headwater streams, the groundwater 
and surface-water systems are assumed to be in close hydro-
logic connection in the study area, and elevations of surface-
water features are assumed to be approximate water levels for 
the underlying groundwater system. A single-layer groundwa-
ter-flow model was assumed to be appropriate for this applica-
tion because the groundwater-flow system is relatively thin 
and laterally extensive. Steady-state conditions were assumed 
to be appropriate for this system because hydraulic conductiv-
ity is high, and distances between surface-water features are 
relatively small (Kelson and others, 2002). These character-
istics help dampen the effects of periodic transient stresses 
applied to the system (Haitjema, 1995). Steady-state assump-
tions, which ignore groundwater release from storage, can be 
expected to result in an estimate of the higher range of system 
response (such as water-level drawdown owing to pumping) to 
a hydrologic stress.

Limitations of the model result from these assumptions. 
Namely, local three-dimensional flow and transient system 
response expected near wells and surface-water features are 
only approximately represented. In addition, local features 
of the groundwater system (for example, local variations in 
hydraulic conductivity and recharge) are only approximated 
by the parameterization used in the regional model of Kelson 
and others (2002).

The calibration of the model performed by Kelson 
and others (2002) was partially updated to account for the 
expanded areal extent of the present model. The hydraulic 
conductivity values in the original Kelson and others (2002) 
model were retained as they were informed by more data than 
the new measurements in the expanded area. Recharge, how-
ever, is expected to change in response to climatic variability, 
so the recharge value was updated. 
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Figure 3. Map showing simulated areas contributing recharge using the GFLOW model for average pumping conditions 
(North well, 89 gallons per minute; South well, 70 gallons per minute) at Bug Lake Road, Forest County Potawatomi 
Community, Forest County, Wisconsin. 
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Figure 4. Map showing simulated areas contributing recharge using the GFLOW model for maximum pumping 
conditions (North well, 150 gallons per minute; South well, 80 gallons per minute) at Bug Lake Road, Forest County 
Potawatomi Community, Forest County, Wisconsin. 
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Figure 5. Map showing simulated areas contributing recharge using the GFLOW model for average pumping conditions 
(25 gallons per minute from each well) at Lois Crow Drive, Forest County Potawatomi Community, Forest County, 
Wisconsin. 
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Figure 6. Map showing simulated areas contributing recharge using the GFLOW model for maximum pumping 
conditions (30 gallons per minute from each well) at Lois Crow Drive, Forest County Potawatomi Community, Forest 
County, Wisconsin. 
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Figure 7. Map showing simulated areas contributing recharge using the GFLOW model for average pumping conditions 
(North well, 11 gallons per minute; South well, 34 gallons per minute) at Devils Lake Lane, Forest County Potawatomi 
Community, Forest County, Wisconsin. 
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Figure 8. Map showing simulated areas contributing recharge using the GFLOW model for maximum pumping conditions 
(North well, 17 gallons per minute; South well, 40 gallons per minute) at Devils Lake Lane, Forest County Potawatomi 
Community, Forest County, Wisconsin. 
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Figure 9. Map showing simulated areas contributing recharge using the GFLOW model for average pumping conditions 
(60 gallons per minute from each well) at the town of Blackwell, Forest County Potawatomi Community, Forest County, 
Wisconsin. 
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Figure 10. Map showing simulated areas contributing recharge using the GFLOW model for average pumping 
conditions (North well, 60 gallons per minute; South well, 88 gallons per minute) at the town of Carter, Forest County 
Potawatomi Community, Forest County, Wisconsin. 
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Figure 11. Map showing simulated areas contributing recharge using the GFLOW model for maximum pumping 
conditions (North well, 105 gallons per minute; South well, 88 gallons per minute) at the town of Carter, Forest County 
Potawatomi Community, Forest County, Wisconsin. 
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Figure 12. Map showing simulated areas contributing recharge using the GFLOW model for average pumping conditions 
with an additional proposed well (additional North well, 80 gallons per minute; North well, 60 gallons per minute; South 
well, 88 gallons per minute) at the town of Carter, Forest County Potawatomi Community, Forest County, Wisconsin. 
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Figure 13. Map showing simulated areas contributing recharge using the GFLOW model for maximum pumping with an 
additional proposed well (additional North well, 100 gallons per minute; North well, 105 gallons per minute; South well, 
88 gallons per minute) at the town of Carter, Forest County Potawatomi Community, Forest County, Wisconsin. 
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Summary and Conclusions
The U.S. Geological Survey (USGS), in cooperation with 

the Forest County Potawatomi Community (FCPC) in Forest 
County, Wisconsin, simulated areas contributing recharge for 
seven existing and three proposed wells at five locations in the 
shallow groundwater-flow system. The existing wells were 
the subject of a 2004 source-water evaluation in which areas 
contributing recharge were calculated using the fixed-radius 
method. The motivation for this project was to improve the 
level of detail of areas contributing recharge for the existing 
wells and to provide similar analysis for the proposed wells. 
The calculations of areas contributing recharge for the existing 
and proposed wells provide an estimate of the source of water 
to the wells.

The simulations of the shallow groundwater system in 
the area of interest used the framework of an existing model 
developed in 2002 by Kelson and coworkers. In that work, 
a two-dimensional, steady-state, Analytic Element Method 
(AEM) groundwater-flow model of the regional, shallow 
groundwater-flow system was developed and calibrated using 
the computer code, GFLOW, in conjunction with the UCODE 
parameter estimation program. For this study, the existing 
regional model was updated by including new measurements 
of water elevations for Lake Lucerne, Lake Wabikon, Devils 
Lake, and Lake Metonga (October 2010) and by expanding the 
areal extent of the model. A partial recalibration, focused on 
the newly added region of the model, was performed using the 
general parameter estimation software package, PEST.

The updated model was used to calculate 5- and 10-year 
areas contributing recharge for the 10 wells at average and 
maximum pumping rates. Simulated areas contributing 
recharge for the FCPC wells intersected surface-water features 
at Bug Lake and the town of Blackwell, Wisconsin. Simulated 
areas contributing recharge intersected ponds at the town of 
Carter, Wisconsin, and buildings at Devils Lake and Lois 
Crow Drive. In all other cases, areas contributing recharge 
intersected neither surface-water nor cultural features.
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Appendix 1. 

The model domain from Fienen and others (2011) is reproduced here, for reference, to indicate 
the old model domain, which was the basis for this expanded model. 
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Figure 1–1. Map showing location of study area near Mole Lake, Forest County, Wisconsin, and overview of 
major model elements (reproduced from Fienen and others, 2011; modified from Kelson and others, 2002). 
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