


























































































but permeability is probably so low that 
little water moves upward into the 
productive part of the formation. Leakances 
were calculated on the basis of layer 
thickness and vertical hydraulic conductivity 
of each layer (McDonald and Harbaugh, 
1988, p. 5-13). Recharge was assumed to 
vary over the model area depending on 
composition of the glacial and lacustrine 
deposits. In the northern part of the modeled 
area, where these deposits consist almost 
entirely of sand, recharge is estimated to be 
15 inches per year (in/yr). A previous study 
of the Sands Plains aquifer in Marquette 
County, which included ground-water flow 
model, also used recharge of 15 in/yr 
(Grannemann, 1984). In the southern part of 
the model area, where clay-rich tills malre 
up most of the glacial deposits or the 
J acobsville Sandstone subcrops near the 
surf ace, recharge was reduced to 2 in/yr. 

In MODFLOW, streambed conductance 
is the product of the hydraulic conductivity 
of the streambed materials, stream length, 
and stream width, divided by the streambed 
thickness (McDonald and Harbaugh, 1988, 
p.6-5). Streambeds are assigned a thickness 
of 1 ft and a hydraulic conductivity of 5 ft/d, 
and lakebeds are assigned a hydraulic 
conductivity of 1 ft/d. 

Model Calibration 

Model calibration is the process of 
reducing the difference between simulated 
and measured heads by adjusting the model 
input parameters. Calculation of the Rom 
Mean Squared Error (RMSE), which is the 
average of squared differences between 
measured and simulated heads, provides a 
means to compare results of different 
simulations (table 3). Model fit and 
sensitivity were investigated by varying 
hydraulic conductivity in the aquifer units, 
porosity of the glacial and lacustrine aquifer, 
and recharge. Variations in some of the 
parameters resulted in little change to the 
model (lower sensitivity) while others, e.g., 
horizontal hydraulic conductivity, resulted 
in more significant changes (higher 
sensitivity). The calculated elevations of the 
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potentiometric and water table surf aces were 
observed while parameters were adjusted, 
and results were compared with observed 
heads. Although additional simulations were 
completed, the three included in table 3 
utilize a range of hydraulic parameters 
thought to be representative of the study 
area. 

Simulation 1 matched measured heads 
within about 6 ft. Although this simulation 
matches many heads closely, heads in three 
wells completed in the J acobsville 
Sandstone on the south side of Lake 
Kawbawgam (RWKCl-2, RWGE) are 
particularly poorly simulated. In simulation 
1, vertical hydraulic conductivities were 
assumed to be 5 percent of the horizontal 
values and layer 4 utilized hydraulic 
conductivity values that were similar to 
those obtained when the aquifer test data for 
the PWS wells was analyzed as unconfined 
(table 1 ). 

Simulation 2 matched measured heads 
in RWKCl-2 and RWGE more accurately, 
and in PWS wells less accurately, than 
simulation 1. However, water levels in the 
PWS wells were measured after the pumps 
had been turned off for several hours, 
allowing the aquifer to return to unstressed 
conditions; consequently, simulated heads in 
these wells during pumping simulations are 
not particularly useful. In simulation 2; 
vertical hydraulic conductivities were 
assumed to be 10 percent of the horizontal 
values; layer 3 is assigned lower hydraulic 
conductivity values than layers 1 and 2, 
which is consistent with the interpretation of 
this layer as confining the underlying 
J acobsville Sandstone aquifer in the area of 
the PWS wells; layer 4 in the northern part 
of the study area is assigned hydraulic 
conductivity values obtained when the 
aquifer test data for the PWS wells was 
analyzed as leaky-confined (table 1); and 
hydraulic conductivity of Layer 4 in the 
southern part of the study area is reduced by 
50 percent. 



Table. 3 Results of MODFLOW simulation of ground-water flow, Keweenaw Bay Indian 
Community, Marquette County, Michigan. 
[RMSE, root mean squared error; multiple locations shown for Lake Kawbawgam.] 

Location Observed heads, Simulation 1 Simulation 2 Simulation 3 
(feet) Calculated head Calculated head Calculated head 

(feet) (feet) (feet) 
RWKC! 622.06 628.25 623.0 623.0 
RWKC2 621.58 624.34 621.8 621.8 
RWGE 621.80 626.57 622.7 622.6 

RW2044 604.38 603.89 604.1 603.4 
RW231 616.96 615.53 616.6 615.l 
RW240 618.20 .. 616.83 617.9 616.6 
RW275 619.32 618.88 619.5 618.6 
RW340 620.30 ,,; 620.80 621.0 620.2 

PWS well 2 610.00 609.82 617.2 615.9 
PWS well 1 610.00 609.04 615.5 614.2 
Casino well 614.72 613.41 614.4 612.9 
(abandoned) 

Lake Kawbawgam 621.06 621.06 621.1 621.1 
Le Vasseur Creek at 621.36 621.80 621.8 621.7 

Bridge 
Unnamed lake south 607.00 606.46 606.8 605.7 

ofM28 
Lal<e Kawbawgam 621.00 621.16 621.2 621.1 
Lake Kawbawgam 621.06 621.05 621.0 621.0 
Rl\r1SE, all wells 2.19 2.31 2.04 

included 
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Simulation 3 also matched measured 
heads in RWKCl-2 and RWGE more 
accurately than simulation l. Simulation 3 
did not match heads in some residential 
wells as well as simulation 2 did, 
particularly for those wells down-gradient 
from the PWS wells. Heads in several other 
wells however, are matched more accurately 
than simulation 2. Simulation 3 differs from 
simulation 2 in that hydraulic conductivity 
of layers 1 and 2 is doubled. 

The RMSE is lowest for simulation 3. 
Results of simulation 2 and 3 (table 3) were 
chosen as most representative of the aquifer 
system in the study area; simulated heads 
matched observed heads more accurately 
than in other simulations; and hydraulic 
parameters are thought to accurately ,.ii 
represent conditions in the study area. No
flow cells were used as the southern 
boundary cells, eliminating effects that 
specified-head cells could have on the model 
in that part of the study area where the 
aquifer system is least understood. 

A number of model cells went dry in 
!ayers 1,2, and 3 during all simulations, both 
south of Lake Kawbawgam and near the 
eastern boundary in the northern part of the 
study area. Layer 1 has the largest number 
of dry cells (fig. I 0), although layers 2 and 3 
also have some dry cells in the same areas. 
Dry cells occur in areas where glacial and 
lacustrine deposits are thin, and the 
Jacobsville Sandstone subcrops near the 
surface, or where thick, clay-rich materiais 
directly overlie the Jacobsville Sandstone. 
Little recharge of the Jacobs ville Sandstone 
aquifer occurs in these areas, with most 
precipitation running off to surface water 
bodies in areas where bedrock is near the 
surface. To verify that dry cells accurately 
represent hydrologic conditions of the study 
area, a recharge of 15 in/yr was also applied 
to the southern part of the study area during 
one of the simulations. Although this 
method wetted some cells close to the south 
shore of Lake Kawbawgam, it had little 
effect on the rest of the dry cells and 
resulted in a poor match between calculated 
and observed heads elsewhere in the model. 
In simulations included in table 3, recharge 

19 

of 2 in/yr was used in the southern part of 
the study area and 15 in/yr was used in the 
northern part of the study area. 

DELINEATION OF CONTRIBUTING 
AREA 

The particle-tracking program 
MODPATH (Pollock, 1989) can be 
combined with flow calculated by 
MODFLOW in each cell to determine the 
area(s) contributing water to well(s). 
MODPATH uses a semi-analytical particle
tracking scheme that allows a hypothetical 
water particle to be tracked as it moves from 
cell to cell through a steady-state, three
dimensional flow system. Particle paths, and 
the locations where they enter and leave the 
simulated ground-water flow system, 
approximate ground-water flow paths in the 
aquifer. Particle tracking describes the 
advective movement of ground water and 
does not incorporate the effects of diffusion, 
dispersion, and degradation. Therefore, 
particle tracking is not intended as a 
substitute for modeling the transport of 
dissolved chemicals in the ground-water 
system. 

These hypothetical water particles can 
be tracked down- or up-gradient (referred to 
as "forward" or "backward" tracking, 
respectively) until they exit the aquifer, or 
reach a specified stopping location. In this 
study, water particles were piaced along the 
faces of each cell comaining a community 
well. These particles were then backward 
tracked in time through the ground-water 
flow system for a travel time of 10 years, as 
specified by USEPA. 

When MODPATH was used in 
conjunction with the results of MODFLOW 
96 simulations 1 to 3, they defined similar 
10-year contributing areas. As input 
parameters were varied, some changes to 
size and shape of the contributing areas 
occurred; when effective porosity of the 
glacial and lacustrine aquifer was increased, 
the size of the contributing areas was 
reduced slightly; when hydraulic 
conductivity in the glacial and lacustrine 
aquifer is increased, contributing areas 
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constrict and extend several hundred feet 
further south; little difference was noted 
when hydraulic conductivity in the 
Jacobsville Sandstone aquifer was reduced, 
and no difference was noted when cell types 
comprising the southern boundary were 
changed from no-flow to specified head. 

Contributing areas of the PWS and 
gaming facility wells were obtained by 
combining results of simulation 2 and 3 
(table 3). The contributing area of the 
gaming facility well was delineated after 
simulations indicated interference with the 
PWS wells. The composite 10-year 
contributing area for the PWS and gaming 
facility wells comprises about 0.2 mi2. Sub
surface areas that contribute water to wells 
are known as the zone of contribution areas. 
Figure 11 is a section view of the zone of 
contribution for the PWS wells and figure 
12 is a section view of the zone of 
contribution for the gaming facility well. 
The zone of contribution for the PWS wells 
extends from the J acobsville Sandstone 
upward into glacial and lacustrine deposits, 
reaching land surface about 1,200 ft south of 
the wells and extending into Lake 
Kawbawgam. The zone of contribution for 
the gaming facility weli is entirely within 
glacial and lacustrine deposits, extending 
upward to land surface at the well head and 
south about 3,300 ft. Figure 2 shows the 10-
year contributing areas plotted on the USGS 
l :24,000 Harvey and Skandia quadrangle 
maps that inciude the KBIC study area. 

Model Limitations 

The ground-water flow model for the 
KBIC study area was devised to simulate 
regional steady-state response of the flow 
system in the study area to ground-water 
withdrawal by PWS wells. Hydraulic 
properties in the aquifers were assumed to 
be isotropic only within the horizontal plane. 
Vertical variations in aquifer properties 
within layers, and any variation in heads or 
flow within the aquifers, are not represented 
in the model. 

?' -l 

Each grid cell represents average 
hydrologic and hydraulic properties in the 
volume of aquifer represented by the grid 
cell. Thus variations in properties within 
individual cells cannot be represented. 
Likewise, flow over distances smaller than 
the dimensions of the grid cell cannot be 
accurately represented. Additional geologic 
and hydrologic data and finer discretization 
of the model would be needed to simulate 
smaller-scale flow systems. 

Simulated well pumpage is assumed to 
come from the centers of the grid cells. 
Accuracy of layer surfaces and hydraulic 
conductivity estimates are limited by 
available data. 

The bottom of layer 4 in the model is 
considered impermeable, based primarily on 
the low permeability of the Jacobsville 
Sandstone in parts of the formation where it 
is un-weathered and fractures are not 
present. For this study, all of the fonnation 
below the upper 30 ft of was assumed to 
meet this criterion. 

Model simulations are restricted to 
steady-state conditions. All stresses within, 
and inputs to the system, including well 
pumpage and recharge, remain constant 
throughout the simulation. No net gain or 
loss of flow is simulated in the system and 
no changes in storage occur. This model in 
its current form cannot be used to simulate 
transient-flow conditions. 

The accuracy of particle-tracking 
simulations is limited by the accuracy of the 
numerical modei on which the simulations 
are based, estimates of the effective porosity 
of the flow system, and approximation of the 
cell flow velocities to local ground-water 
flow velocities. Additionally, the particle
tracking program considers ground-water 
flow by advection only. If the effects of 
dispersion were included, contributing areas 
would be larger. Because the model does not 
specifically describe flow through fractures, 
ground-water flow and travel times in areas 
of the Jacobsville Sandstone where fractures 
exist may not be accurately represented. 
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SUMl\tlARY 

Keweenaw Bay Indian Community 
(KBIC) in Marquette County, Michigan has 
two public water supply (PWS) wells 
completed in the J acobsville Sandstone 
Fonnation. The PWS wells can pump much 
more water than other wells completed in 
the formation throughout the Upper 
Peninsula of Michigan. In 1998, an U.S. 
Environmental Protection Agency grant to 
develop a wellhead protection plan (WHPP) 
for the PWS wells was awarded to KBIC. 
As part of the WHPP, U.S. Geological 
Survey (USGS) delineated the 10-year 
contributing areas for the PWS wells and 
KBIC completed the contaminant source 
inventory using the contributing aref 
delineated by USGS. 

Thickness, areal extent, and general 
lithologic characteristics of the J acobsville 
Sandstone and glacial and lacustrine 
deposits were determined by evaluating 
driller's logs from two PWS wells, one well 
supplying a gaming facility, and 13 
dornestiC supp1y wells located in the study 
area. Water levels of surface water bodies 
and ground-water wells were surveyed into 
datum, and additional surface-water levels 
were obtained directly from topographic 
maps. Three hydrogeologic cross-sections 
intersecting at the KBIC PWS wells were 
prepared using known data. An aquifer test 
completed by Indian Health Services in 
1991 was analyzed to obtain hydraulic 
characteristics, and the above information 
was input into the USGS three-dimensional 
ground-water flow-modeling program, 
MODFLOW-96. To calibrate the flow 
model, several simulations were run using a 
range of hydraulic conductivities, recharge 
rates, porosities, and cell types at the 
southern study area boundary. Two 
simulations were chosen as representative of 
the ground-water flow system in the study 
area. The chosen simulations best matched 
measured water levels. 

The area contributing water to the PWS 
and gaming facility wells over a period of 10 
years was delineated using the particle
tracking program MODPATH in 

conjunction with the ground-water-flow 
model prepared in MODFLOW-96. The 
gaming facility well was also delineated due 
to potential interference with PWS wells. To 
conservatively delineate the 10-year 
contributing area for the KBIC wells, 
contributing areas from the chosen 
simulations were combined to produce a 
composite area. The combined 10-year 
contributing areas comprise about 0.2 mi 2• 

The zone of contribution for the PWS wells 
extends from the J acobsville Sandstone 
upward into glacial and Iacustrine deposits, 
reaching land surface about 1,200 ft south of 
the wells and extending into Lake 
Kawbawgam. The zone of contribution for 
the gaming facility well is entirely within 
glacial and lacustrine deposits, extending 
upward to land surface at the well head and 
about 3,300 ft south. 
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