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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To Obtain
Length
inch (in.) 25.4 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre (A) 0.4047 hectare
square foot (ft%) 0.09290 square meter
square mile (miz) 2.590 square kilometer
Volume
cubic foot (ft3) 7.4805 gallon

Hydraulic conductivity*

foot per day (f/d) 0.3048 meter per day

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived
from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

*Hydraulic conductivity: The standard unit for hydraulic conductivity is cubic foot per day per square foot of aquifer cross-sectional area
(f3/d)/ft%. In this report, the mathematically reduced form, feet per day (ft/d), is used for convenience.

Other abbreviations:

ft3/s cubic feet per second

in/yr inches per year

ft/d feet per day

Ky horizontal hydraulic conductivity
K, vertical hydraulic conductivity

The stratigraphic nomenclature used in this report is that of the Wisconsin Geological and Natural History Survey and does not necessarily
follow usage of the U.S. Geological Survey.
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Simulation of the Recharge Area for Frederick Springs,

Dane County, Wisconsin

By R.J. Hunt and J.J. Steuer

Abstract

The Pheasant Branch watershed in Dane
County is expected to undergo development. There
are concerns that this development will adversely
affect water resources, including Frederick
Springs, a large spring complex in the watershed.
The spring’s recharge area was delineated using a
telescopic mesh refinement (TMR) model con-
structed from an existing regional-scale ground-
water flow model, and further refined by adding
nearby surface-water features, a refined recharge
array based on a surface-water model, and increas-
ing the vertical leakage between the deep aquifers.
This TMR model was formally optimized using the
parameter estimation code UCODE. The results of
optimization demonstrated that the best fit to mea-
sured heads and fluxes was obtained by using a
horizontal hydraulic conductivity two times that of
the original regional model for layer 2 and 80 per-
cent smaller for layer 3. This range of parameter
values was formally considered using a stochastic
Monte Carlo approach.

Two-hundred model runs used uniformly
distributed, randomly sampled, horizontal hydrau-
lic conductivity values within the range given by
the TMR optimized values and the previously con-
structed regional model. A probability distribution
of particles captured by the spring, or a “probabilis-
tic capture zone” was calculated from the realistic
Monte Carlo results (136 runs of 200). In addition
to portions of the local surface watershed, the cap-
ture zone encompassed distant areas in the North
Fork of the Pheasant Branch watershed and areas
entirely outside of the Pheasant Branch—demon-
strating that the ground-watershed and surface
watershed do not coincide.

Analysis of samples from the springs and a
nearby municipal well identified large contrasts in
chemistry, even for springs within 50 feet of one
another. The differences were stable over time,
were present in both ion and isotope analyses, and
showed a distinct gradation from high nitrate, high

calcium, Ordovician-carbonate dominated water in
western spring vents to low nitrate, lower calcium,
Cambrian-sandstone influenced water in eastern
spring vents. The difference in chemistry was
attributed to distinctive bedrock geology as demon-
strated by overlaying the 50 percent probability
capture zone over a bedrock geology map for the
area. This finding gives additional confidence to
the capture zone calculated by the ground-water
flow model.

INTRODUCTION

As the City of Middleton and its surroundings con-
tinue to develop, the Pheasant Branch watershed is
expected to undergo significant urbanization. The
watershed encompasses mixed land uses and includes
Frederick Springs, a large spring complex near the
downstream end of the basin. For the downstream city
of Middleton, headwater urbanization can mean
increased flood peaks, increased water volume and
increased pollutant loads. More subtly, the effects of
urbanization also may reduce ground-water recharge
and adversely affect down-gradient ecosystems such as
Pheasant Branch marsh. The effects of stormwater run-
off and wetland loss on reduced ground-water recharge
are complex because the surface-water system is cou-
pled to the underlying ground-water system as in most
parts of Wisconsin. In many cases, the movement of
water from one system to the other varies seasonally or
daily, depending on transient events. Therefore, it is dif-
ficult to reliably predict the effects of urbanization on
stream baseflow and spring flows a priori. Moreover,
mitigating any adverse effects after development has
taken place can be expensive and administratively diffi-
cult. Overlying these concerns are issues such as land
owners’ rights—Dboth of those developing their land and
those whose land is affected by this development—the
rights of the public, and stewardship of the resource.
With these often-contradictory goals, a scientific basis
for assessing effects and effectiveness of mitigation
measures is important for effective decision making.
This scientific basis was the goal of a study completed

Abstract 1



by the U.S. Geological Survey in cooperation with the
City of Middleton and the Wisconsin Department of
Natural Resources.

Others have investigated portions of the Pheasant
Branch watershed. Previous work either was included
in a larger regional study or focused solely on the stream
itself. Krohelski and others (2000) included the basin in
their larger ground-water flow model for Dane County;
however, the system was coarsely gridded and did not
include many of the hydrologic features that are locally
important (such as Frederick Spring, Dorn Creek).
Grant and Goddard (1980) investigated channel erosion
and sediment transport in the stream. Krug and Goddard
(1986) evaluated the effects of urbanization on the
stream system. Selbig (1996) characterized the Pheas-
ant Branch Marsh and springs as part of a UW-Madison
wetlands ecology course. A companion volume to this
report describing the surface-water modeling work and
effects of predicted stresses on the hydrologic systems
of the Pheasant Branch watershed is in preparation.

While many hydrologic studies focus only on one
component of the ground water-surface water contin-
uum, the overall project includes all elements of the
hydrologic cycle including rainfall, snowmelt, evapo-
transpiration, interflow, streamflow, baseflow, and
ground-water flow. The entire hydrologic system is
characterized quantitatively; output from surface-water
modeling (recharge) is coupled to the ground-water
model input. This allows more realistic scenarios (that
is, urbanization affects surface-water storm flows and
ground-water recharge) and allows an additional check
for reasonableness. While both surface-water and
ground-water modeling are being performed as part of
the overall project, this report will focus on the ground-
water modeling aspects and assessment of recharge
rates derived from the surface-water model.

Purpose and Scope

The purpose of the overall study was to provide a
scientific basis for evaluating changes to the water
resources of the Pheasant Branch watershed as the
hydrologic system responds to changes in land use. Of
special interest is the Frederick Springs system because
it is an important water resource in the Pheasant Branch
watershed and an essential source of water for a rare
wild rice community in the Pheasant Branch Marsh.
Identifying the source waters for the spring is the first
step in ensuring its protection. The purpose of this
report is to describe ground-water flow modeling and

geochemical information used to identify the source of
water that sustains the spring complex.

Physical Setting of Study Area

The Pheasant Branch watershed (fig. 1) consists of
24 mi? located on the edge of the Driftless Area in Dane
County. The geology of the Pheasant Branch area was
derived from the hydrogeologic framework (Bradbury
and others, 1999) and existing regional model of the
area (Krohelski and others, 2000) and, from base
upward, consists of:

(1) an impermeable Precambrian basement,

(2) an extensive lower bedrock aquifer that con-
sists of a Cambrian sandstone aquifer (Mt.
Simon and Eau Claire sandstone) that ranges
between 400 and 700 ft and averages 525 ft
thick in the Pheasant Branch area,

(3) a shaly confining unit (the Eau Claire Shale)
that is absent near Lake Mendota but is as thick
as 40 ft; the average unit thickness in the
Pheasant Branch area is 20 ft,

(4) a upper bedrock aquifer consisting primarily of
Cambrian sandstones and Ordovician carbon-
ates that are absent under Lake Mendota but
can be as thick as 625 ft in western Dane
County; the average thickness is 320 ft in the
Pheasant Branch area, and

(5) a thin overlying unconsolidated sedimentary
unit that is Quaternary in age.

The shale confining unit is present in the western
portions of the county, but is absent under the Yahara
lakes and in areas in eastern Dane County. The water
table is commonly found in the Upper Paleozoic bed-
rock layer in the Pheasant Branch area; high capacity
wells often have boreholes that are open to both the
lower bedrock aquifer and the upper bedrock aquifer.

The watershed is composed of a south fork, a north
fork and a lower system that flows into the Pheasant
Branch Marsh (fig. 2). The south fork is ephemeral and
is not included in the ground-water model. At the
marsh, flow from Pheasant Branch Creek combines
with flows from the spring complex (Springs) and other
ground water discharged to the marsh (to the stream
channel as well as other springs and minor tributaries);
this combined flow ultimately discharges into Lake
Mendota. During present conditions, these three com-
ponents (stream flow, spring flow, and ground-water
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The TMR model described above was optimized
using the following criteria for head and flux targets in
the Pheasant Branch area:

(1) The average flow (Qsg) at the gaging station at
Pheasant Branch Creek at Highway 12 was the
most highly weighted observation because of
the availability of the best flow duration infor-
mation for the study period. The weight reflects
the long flow record (continuously monitored
from July 1974 through the study period) used
to determine the flow duration at the site. The
measured Qs of 1.8 ft3/s for 1974-98 was
given a coefficient of variation = 0.01
(= 95-percent confidence interval that spans
+ 1 percent around the measured value). This
value is more accurate than that reported by
Holmstrom and others (1999) for the gage (fair,
or t 15 percent) because the weight reflects its
much higher quality on a relative scale to the
other data used to optimize the model. That is,
the weight represents the fact that we are will-
ing to trade better results in other targets to
have the optimization routine match this target
well.

(2) A much smaller number of discharge measure-
ments were made at the Pheasant Branch Creek
at Century Avenue and at the Springs locations
than at the Highway 12 gaging station. There-
fore, these targets were given an intermediate
weight, reflecting their shorter period of record
and fewer discharge measurements (coefficient
of variation = 0.3 and 0.2, respectively).

(3) A relatively long record of flow duration is
available for Pheasant Branch Creek at the
Lake Mendota Outlet, but these data were not
collected contemporaneously with this study.
Moreover, it is difficult to measure discharge
accurately at this location because of lake
backwater effects (D. Graczyk, USGS, oral
commun., 1999). Therefore, these measure-
ments were given less weight (coefficient of
variation = 0.5).

(4) Head measurements in the TMR model domain
were given a low weight due to the uncertainty
regarding their representativeness for the con-
ditions simulated during calibration. These
head data are the sum of all measured water
levels for the area, but were not collected con-

temporaneously. Rather, these data span

40 years. In addition, the head data are also
less precisely located, both horizontally and
vertically. Therefore, the resulting unfiltered
head target data set often had multiple head
values for a single node. Moreover, the mea-
sured head values for a single node might differ
by over 100 ft. Clearly a finite difference
model (such as one head value calculated per
node) cannot simulate these data. The mea-
sured head data were filtered for use in the
TMR model so that nodes with multiple mea-
sured values were replaced with the average of
all head data for the node. Given these uncer-
tainties, layer 2 head targets had a standard
deviation equal to 10 ft, which equate to a
95-percent confidence interval of + 20 ft
around the measured value. Layer 3 head tar-
gets were weighted using a standard deviation
equal to 25 ft, representing the additional
uncertainty resulting from the wells being open
to multiple aquifers and the potential unsteady
nature of water levels in high capacity wells.

The parameters initially chosen for optimization
included the hydraulic conductivity (6 zones in layer 1,
1 zone in layers 2 and 3), vertical leakage of nodes
immediately beneath the Springs, and the conductance
of Lake Mendota littoral and deep lake sediments. Ini-
tial runs on parameter sensitivity showed the model was
insensitive to changes in layer 1 hydraulic conductivity
and lake bed conductance (fig. 4); that is, the measured
observations used in the optimized calibration did not
contain enough information to constrain these parame-
ters. As a result, all subsequent runs used fixed values
for these parameters based on the Dane County
Regional Model and optimized only the remaining sen-
sitive parameters.

Stochastic Monte Carlo Analyses

The effect of parameter uncertainty can be more
formally addressed using stochastic approaches. While
detailed discussion of stochastic techniques is beyond
the scope of this work, a brief discussion follows. A
Monte Carlo approach was used as a means to obtain the
probability distribution of the capture zone of the
Springs. This approach allows calculation of the proba-
bility of a certain occurrence, in this case the probability
that the Springs will capture water from different parts
of the model domain, given the uncertainty that exists

METHOD OF STUDY 9
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Figure 4. Plot of parameter sensitivity from the UCODE parameter estimation. (Horizontal hydraulic conductivity zones
representing layer 2, and to a lesser extent layer 3, were the most sensitive parameters. Additional work with optimization
and stochastic runs focused on modifications to these two parameters.)

for a discrete set of parameters. In this approach, a large
number of MODFLOW model runs using the TMR
model were performed using Stochastic MODFLOW
(Ruskauff and others, 1998) while randomly varying
the horizontal hydraulic conductivity of the upper bed-
rock aquifer (layer 2) and lower bedrock aquifer

(layer 3) over reasonable ranges of values based on the
results of UCODE optimization. In the case of layer 2,
this range was uniformly distributed (all values are
equally likely) between 1 and 15 ft/d; layer 3 was uni-
formly varied between 0.7 and 10 ft/d. Each run is

called a “realization,” and reflects one possible set of
parameters for the model.

Because combinations of reasonable parameter
values may yield unrealistic results, the head calibration
statistics of the realizations were evaluated (or “condi-
tioned”) and unreasonable realizations were removed.
Particle tracking was performed using Stochastic
MODPATH (Ruskauff and others, 1998) in the Pheasant
Branch watershed. This code utilizes output from the
Stochastic MODFLOW realizations to delineate the
recharge area of the Springs using a probability distribu-
tion where 1 is contributing in 100 percent of the real-
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izations, and O is contributing in O percent of the
realizations.

Geochemical Investigation

Geochemical investigation focused on Springs and
a nearby municipal well. The Springs area was divided
up into 8 areas in the main spring complex, one addi-
tional spring located 1,300 ft west of the main spring
complex, and one ephemeral stream. Samples were col-
lected for analysis of both ion and isotope chemical con-
stituents. Major ions and nutrients were measured
periodically from the Springs during March 1998
through April 1999. The municipal well was sampled
once in August 1998. Springs and stream were sampled
using a peristaltic pump; the municipal well was sam-
pled from the pump well head. Unfiltered samples were
used for field measurements of conductivity, tempera-
ture, dissolved oxygen and pH, and lab measurements
of alkalinity. Filtered samples (0.45 um cellulose nitrate
filter) were collected for determination of major ions,
nitrate + nitrite (NO3 + NO,), ammonia (NHy), total N
and total dissolved inorganic phosphorus (DIP) analy-
ses.

Because water and strontium isotope chemistry are
not widely used in hydrological investigations, a short
description, taken from Hunt and others (1998), is given
here. Water isotopes (oxygen and deuterium) are ideal
conservative tracers of water sources because they are
part of the water molecule itself. Stable isotopes of
water are conservative in aquifers at low temperature,
but fractionate on the surface at less than 100 percent
humidity (Gat, 1970). Because the vapor pressure of
H2160 is greater than H2180, the residual liquid is char-
acterized by a higher HZISO content after evaporation.
Hydrogen and deuterium also fractionate, but to a
greater extent due to larger percent mass difference.
Thus, characteristic '#0/1%0 and 2H/'H ratios can fin-
gerprint water sources. Strontium-87 is produced from
radioactive decay of rubidium-87. Assuming a given
initial 87Sr/36Sr, minerals that have high Rb/Sr concen-
tration ratios will attain higher 8751/80Sr than minerals
that have low Rb/Sr concentration ratios. Biological or
low-temperature abiotic processes do not significantly
fractionate Sr isotopes; the isotopic composition of Sr
(unlike that of the lighter elements) is entirely con-
trolled by the mixing of Sr from geologic regimes hav-
ing different isotopic composition (Graustein, 1989). Sr
isotopes, when considered together with ion chemistry,
can thus distinguish weathering reactions from cation

exchange processes. This ability makes them suitable
for water-rock interaction investigations (such as Bailey
and others, 1996; Bullen and others, 1996) and discern-
ing sources of water from isotopically distinct source
areas (Eastin and Faure, 1970; Fisher and Steuber,
1976).

The major ions (Ca, Mg, Na, K, SOy), total P,
nitrate+nitrite, NHy, and total N were analyzed by the
University of Wisconsin Soil and Plant Analysis Labo-
ratory and State Laboratory of Hygiene during the peri-
ods March 1998-October 1998 and November 1998—
April 1999, respectively. Alkalinity was analyzed by
gran titration at the University of Wisconsin Water
Chemistry Department. Chloride analyses were per-
formed using liquid chromatography at the USGS, Mid-
dleton, Wisconsin. Analyses of water and strontium
isotopes were performed at the U.S. Geological Survey
National Research Program Laboratory in Menlo Park,
California. Oxygen-18 values were measured using
CO,-H,0 equilibration (Epstein and Mayeda, 1953) on
a Finnigan-Mat 251 mass spectrometer. Oxygen-18 val-
ues are reported in standard delta notation relative to
Vienna Standard Mean Ocean Water (VSMOW). Ana-
lytic error (20) is estimated at £ 0.1 per mil. Strontium
isotope analyses were performed using the methodol-
ogy described by Hunt and others (1998).

RESULTS OF MODEL SIMULATIONS AND
GEOCHEMICAL INVESTIGATION

Telescopic Mesh Refinement

TMR modifications to the DCRM improved head
and flux calibration for the Pheasant Branch watershed.
The inclusion and more accurate depiction of nearby
surface-water features (such as Brewery Creek, Dorn
Creek, headwaters of Black Earth Creek) improved the
DCRM head calibration in the area encompassed by the
TMR model (table 2). The TMR area of the DCRM
domain was slightly better calibrated than the overall
DCRM model (root mean squared difference = 36.1 ft
in TMR area, 37 .4 ft for the overall domain—KTrohelski
and others, 2000). More notably, the recharge rate
derived by the surface-water modeling significantly
improved the flux calibration while only minimally
degrading the head calibration (first TMR column ver-
sus last TMR column in table 2). Given the uncertainty
associated with the accuracy of some of the head targets
(such as significantly different observed values reported
for the same model node) and the significant improve-
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ment in simulated flux, the slight degradation in head
calibration was considered to not invalidate the
recharge array derived from the surface-water model-
ing.

The basin recharge rate is considered relatively
well known (based on the surface-water modeling
work), thus the recharge rate was fixed and horizontal
hydraulic conductivity (K},) became the driver for head
calibration. The DCRM used a sedimentologically
based method for assigning conductivities (Swanson,
1996, Krohelski and others, 2000) that resulted in a
large number of horizontal hydraulic conductivity (Kj)
values to represent the conductivity field of layer 1. A
large number of values is not suitable for parameter esti-
mation because each value requires three model runs to
perform sensitivity analysis or optimization, which in
turn results in unacceptably long run times and time-
intensive data handling. As a means to assess the effects
of changes to hydraulic conductivity, the K; values
were grouped into eight Ky, zones (table 1). Differences
between the original DCRM Kj, field and the K, field
created from the zones were negligible (that is, calibra-
tion statistics were identical to two significant figures).
A sensitivity analysis was run on the eight K}, zones and
demonstrated that only the zone representing the Ky, of
the upper and lower bedrock (layers 2 and 3) signifi-
cantly affected the model results (fig. 4). This is not
surprising in that much of layer 1 is dry in the Pheasant
Branch basin, and all head targets are located in layers 2
and 3.

Parameter Estimation

The smaller number of K}, zones allowed investiga-
tion of the TMR model using the parameter estimation
program UCODE. During the optimization process a
difficulty was encountered. The automatic routines of
UCODE that perturb parameters and run MODFLOW
in batch mode have an unfortunate artifact—the pertur-
bation required by UCODE can cause the stable base
MODFLOW model to become unstable and not con-
verge. This in turn will result in a failed UCODE run. If
the modeler chooses to continue on without conver-
gence (an option in Groundwater Vistas) the UCODE
routine will successfully complete. However, the
UCODE optimization evaluation may include a non-
converged model run that ended with an iteration that
yields an unrealistic model (such as poor mass balance).
Because the model is re-run and model output files
overwritten, it can be difficult to discern if non-conver-

gence occurred. In the TMR model runs, non-conver-
gence was caused by location and high conductance of
a subset of fixed-stage stream nodes in the Stream Rout-
ing Package (STR). High values of stream conductance
effectively transmit the effects of the headwater stream
nodes to the ground water (and vice versa), which can
cause oscillations in the ground-water solution. This
can cause segments of headwater streams to dry and wet
sporadically. The model solution at the end of the max-
imum number of iterations often had inaccurate simu-
lated stream flows that were used by UCODE to
formulate the new (poorly based) parameter values.
Removing a small set of headwater STR nodes over-
came the instability at higher K}, values. It should be
noted that the problems would likely be worse if con-
stant flux or general head boundary conditions are used
instead of constant head nodes at the model perimeter
because constant head boundary conditions fix heads at
the perimeter, that, in turn, tend to dampen the oscilla-
tion within the model domain.

When only head targets were used to obtain the
optimal calibration, the head residual was minimized
(fig. 5) and resulting K}, values were three times higher
than the DCRM for layer 2, and over ten times lower for
layer 3 (table 2). As might be expected when flux tar-
gets are not considered, the measured Qs fluxes are
poorly simulated (fig. 5). When heads and flux targets
are considered the optimization routine obtains a mini-
mum in the residual sum of square error (table 2, fig. 5)
but increases for K;, of layer 2 to nearly twice the
DCRM value, and decreases Ky, of layer 3 to roughly
one-fifth the DCRM value (table 2). This yields the
“optimal” solution for these targets and weights, but
should be considered with the following caveats.

Unweighted calibration results might indicate
biases in the head data used for calibration. For exam-
ple, the mean error values (table 2) indicate simulated
head values are consistently too low (the residual sign is
positive) in all TMR model runs. While the result could
be interpreted as the need for increased recharge and/or
lower K}, it could also be a result of biases in the mea-
sured head data and inconsistencies in how well they
represent the regional water levels. The latter might be
expected because the TMR model domain contains a
large extent of the end moraine and Driftless areas.
These areas are expected to have more perched ground
water (Krohelski and others, 2000), and are likely
responsible for the large range of water levels reported
for a single model node. In addition, perched water level
errors are always biased towards higher heads (that is,
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important than the ground-water contribution on an annual scale.)

SUMMARY AND CONCLUSIONS

The Pheasant Branch watershed includes Frederick
Springs, a large spring complex that flows into Pheasant
Branch Marsh. As the City of Middleton and its sur-
roundings continue to develop, the watershed is
expected to undergo significant urbanization. The
effects of urbanization may reduce ground-water
recharge and adversely affect down-gradient hydrologic
features such as Frederick Springs. The effect of storm-
water runoff and wetland loss on reduced ground-water
recharge is complex because the surface-water system
is coupled to the underlying ground-water system. As a
resul, it is difficult to reliably predict the effects of
urbanization on stream baseflow and spring flows
a priori. Identifying the source waters for the spring,
however, is the first step in ensuring its protection.
Therefore, the objective of this work is to use ground-
water flow modeling and geochemical investigation to

identify the source of water that sustains the spring
complex.

The notable findings of this work can be summa-
rized as follows:

* The linking of the ground-water model to the
surface-water model gave higher confidence in
the results of both models than if either had
been used independently. Values of recharge
calculated with the surface-water model
improved flux calibration in the ground-water
model. By linking the two approaches, the
entire water budget (precipitation, evapotrans-
piration, baseflow, stormflow and ground-
water recharge) is encompassed; this helps
ensure that reasonable values are used for all
parameters.

e Parameter estimation sensitivity analyses on
the ground-water flow model demonstrated

SUMMARY AND CONCLUSIONS
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that the calibration targets used in this study
only supported changes in the upper bedrock
aquifer (layer 2) and the lower bedrock aquifer
(layer 3). Other potential parameter changes
did not have significant effects on the calibra-
tion.

* Parameter estimation optimization of the
ground-water flow model suggested that the
horizontal hydraulic conductivity of the upper
bedrock layer (layer 2 in the model) might be
higher in the Pheasant Branch area than the
global value that represented a best fit for the
Dane County Regional Model (DCRM). The
parameter estimation routine also suggests that
the lower bedrock aquifer (layer 3) may have
lower horizontal hydraulic conductivity than
the global value used in the DCRM. The range
was not exceedingly large (5 to 15 ft/d for
layer 2, 0.7 to 10 ft/d for layer 3); insight into
which values best represent the bedrock in the
Pheasant Branch area was not readily avail-
able, nor within the scope of the project.

* Stochastic Monte Carlo simulations using the
ground-water flow model formally addressed
the uncertainty in the horizontal hydraulic con-
ductivity identified in the parameter estimation
optimization. In the Pheasant Branch model the
Monte Carlo simulations sampled a range of
horizontal hydraulic conductivity values span-
ning from 5 to 15 ft/d in layer 2 and 0.7 to
10 ft/d in layer 3. The ranges were specified
using a uniform distribution; thus, all values
between the endmembers were equally likely.
This approach allowed calculation of a proba-
bility distribution of the capture zone for the
Springs.

* The calculated capture zone for the Springs
showed that they are receiving water that was
recharged from areas inside and outside of its
immediate surface watershed. The capture
zone encompassed the North Fork of Pheasant
Branch basin, areas downstream of Highway
12 in the Pheasant Branch surface watershed,
and an area outside of the Pheasant Branch
watershed. This result underscored the need for
linking the surface-water model of the North
Fork basin to the ground-water model of the
Springs, even though the surface-water sys-
tems are in different basins.

» Geochemical sampling of the Frederick Spring
complex showed very large differences in
chemistry between the spring vents that were
located within 50 ft of each other. The differ-
ences were stable in time, were present in both
ion and isotope analyses, and showed a distinct
gradation from high nitrate, high calcium,
Ordovician carbonate dominated water in west-
ern spring vents to low nitrate, lower calcium,
Cambrian sandstone influenced water in east-
ern spring vents. The difference in chemistry
was explained by different bedrock geology in
the recharge area as demonstrated by overlay-
ing the 50 percent probability capture zone
over a bedrock geology map for the area. This
result gives additional confidence to the cap-
ture zone calculated by the ground-water flow
model.
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