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ABSTRACT

Hydrologic investigations of wetlands typically use a mass balance approach where groundwater flow to
and from the wetland is estimated from the residual in the water balance. This approach, however,
provides no insight into residence times and f10wpaths and treats the system as a black box. In general,
the hydrology of wetlands is norwell understood. Even less is known about the transient functioning of
wetlands, which is important for nutrient and carbon cycling. In this research, a two-dimensional profile
model was used to quantify groundwater flow and heat transport in a fenlstream complex in the Allequash
basin in Vilas County, northern Wisconsin. The model was calibrated with head and temperature
measurements collected at three sets of nested piezometers ina north-south transect. The field data
were collected using both discrete and continuous sampling methods. The parameter estimation code
PEST was used to calibrate the model and determine sensitivity to input parameters. Simulating both
groundwater flow and heat trans~ort helped constrain parameters that are difficult to determine, such as
hydraulic conductivity of peat. A three-dimensional version of the model is being developed to help
characterize stream-wetland interactions and provide a framework for understanding geochemical cycling
and storage.

INTRODUCTION
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Figure 1. Map of field site showing Allequash
Creek watershed (dark black line). Modified from
Walker et al. (2003)
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The wetland study area isa fen/stream
complex in the Allequash basin in
northern Wisconsin (Figure 1). A profile
model of a north-south transect
perpendicular to Alfequash Creek was
developed to study groundwater flow in
the wetland. The wetland is within the
North Temperate Lakes Long-Term
Ecological Research (NTL-LTER) site and
the U.S. Geological Survey's Trout Lake
Water, Energy and Biogeochemical
BUdgets (WEBB) site. Consequently, there
are a large number of field data that can be

Wetlands are hydrogeologically unique because of the proximity of the water table to the land surface and
the large range of horizontal conductivity of peat typically found beneath wetlands. Traditionally these
types of systems have been evaluated using a mass balance approach where groundwater flow is
estimated from the residual in the water balance but errors in groundwater flux in some cases have been
estimated at 70% (Ferone and Devito 2002). Moreover, this approach provides no insight into f10wpaths
Or residence times. Groundwater flow models offeran improvement over the water balance approach,
with wetlands typically simulated as drain
nodes (Anderson and Woessner 1992)
and flow assumed to be steady state.
Yet, temporal changes in water levels due
to precipitation and evapotranspiration,
which may cause flow reversals (e.g.,
Meyboom 1966, Fraser et al. 2001), can
be important to hydrologic functioning of
the wetland system.
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used to help quantify the regional groundwater system that interacts with the wetland.

PROBLEM DESCRIPTION

A two-dimensional groundwater flow and heat transport model through a transect in the Allequash
wetland was developed as a scoping model for a three-dimensional coupled model, which is currently
underdevelopment. MODFLOW2000 (Harbaugh et al. 2000) was used with the solute transport code
MT3DMS (Zheng and Wang 1999) in Groundwater Vistas (Environmental Simulations, Inc.). MT3DMS
was used to solve the heat transport equation by substituting heat transport parameters forsolute
transport parameters, taking advantage of the similarity between the governing equations for contaminant
and heat transport (Kim et al. 2005). Using heat as a groundwater tracer allows us to take advantage of
the smaller range in thermal properties as compared to hydraulic properties in order to constrain the
solution and estimate hydraulic parameters such as hydraulic conductivity of peat, which is difficult to
measure (Surridge et al. 2005). A drawback of using MT3DMS is that hydraulic parameters in the
groundwater flow model that are affected by temperature are not updated during the solution. Hence,
hydraulic conductivity, which is affected by changes in density and viscosity as temperature changes
seasonally, is not updated during the simulation. A version of MT3DMS that will simulate heat transport
more rigorously is under development (Zheng, personal communication, February 2006). In ongoing
work, parallel models are being developed using the coupled groundwater flow and heat transport codes
SHEMAT (Clauser 2003) and VS2DH (Healy and Ronan 1996).

Model setup
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Figure2. Model design with location of observation wells

No Flow

The model consists of two layers representing an upper peat unit overlying a sand unit. The peaUsand
boundary was determined based on a ground penetrating radar survey. Hydraulic boundary conditions
consist of no flow at the top, bottom and left side of the model, with the exception of the stream on the
upper left side of the model where head was set to 496.2 m (Figure 2). The right side of the model is
simulated as a specified head boundary (496.75 m). Although recharge and ET occur at the land surface
under field conditions, these processes were ignored for the sake of simplifying the seoping model.
Thermal boundaries consist
of specified temperature
along the bottom and right
hand side boundary
representing an average
annual groundwater
temperature of 8.27 °C and
a specified temperature
boundary at the top of the
model that varies according
to average monthly air
temperature. The grid size
is 0.5 m by 0.5 m for a total
length of 100 m and a height of 20
meters (Figure 2).

Following Bravo et al. (2002), groundwater flow was assumed to be at steady state and transient heat
flow was simulated; initial conditions for the heat transport model were generated by simulating cyclic
steady-state conditions based on average monthly fluctuations in temperature at the top of the model. A
cyclic steady-state temperature condition was essentially reached at the end of the first annual cycle.
SimUlations that did not use a cyclic steady state condition confirmed that the annual temperature
variation is necessary when specifying initial conditions as imposition of daily variations alone ignores
seasonal fluctuations that are important for describing the temperature gradient at depth (Figure 3).
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Variable Description Initial PEST value
kx1 Horizontal hydraulic conductivity in peat 1.9 mId.
kx2 Horizontal hydraulic conductivity in sand 8.64 mId
ani Vertical:horizontal anisotropy in peat 0.20
an2 Vertical:horizontal anisotropy in sand 0.33
poi Porosity in peat .80
p02 Porosity in sand .30
kd1 Distribution coefficient 1.28e-4 m"/Kg
kd2 Distribution coefficient 2.48e-4 m;l/Kg

Figure 3. Theoretical fluctuations of daily (based on 30 October 2005) and annual (based on
average monthly values for a 10 year period) temperatures using the analytical solution of
Stallman (1965). Upward vertical groundwater velocity =1e-7m/s (0.03 ftIday). Note that annual
fluctuations penetrate to a depth of around 4 m, whereas daily fluctuations penetrate to less than
0.3 m. Temperature at "infinite" depth (TAZ) is 8.27 °e; amplitude of temperature variation at the
land surface (AT) is 1.95 °e, daily model, and 9.46°e, annual mOdel. Parameters a and b in
Stallman's equationare dependent on the thermal conductivity ofthe water-saturated porous
medium, here equal to 0.664 W/moC, and the period of oscillation of temperature at the land
surface (1 day, daily model, and 1 year, annual model); a, bare 15.62 m- and 15.30 m'1,
respectively, for the dally model, and 1.15 m'1 and 0.77 m'1, respectively, for the annual model.

After the annual cyclic steady-state temperature field was generated, the response to hourly temperature
fluctuations at the top of the model was simulated using data collected at the field site during the period
October 1 to October 30, 2005. Head and temperature targets collected at nine points in three sets of
nested piezometers (Figure 2) were compared to simulated values. The parameter estimation code
PEST (Doherty 2004) was used to determine sensitivities of selected model parameters and to estimate
values of eight parameters: horizontal hydraulic conductivity of peat (kx1) and sand (kx2), anisotropy of
peat (ani) and sand (an2),
porosity of peat (po1) and
sand (p02), and thermal
retardation of peat (kd1) and
sand (kd2) (Table 1).
Thermal retardation in
MT3DMS is entered as the
distribution coefficient (kd),
where kd = Cs(1-n)/(pw Cw),

where Cs = specific heat of

the porous media, n = Table 1. Model parameters and initial values
porosity, Pw =density of water
and Cw :::: specific heat of water.

Model Results: Parameter sensitivity and
observation influence

Results show kd 1 to be the most sensitive
parameter followed by kd2 and kx1 (Table 2).
Kd1 is more sensitive than kd2 and kx1
because of the larger number of observation
points in layer one (Figure 2) in addition to the
large contribution to the sum of squared
weighted residuals (objective function) coming
from the thermal properties. The parameter
estimation process reduced the objective
function from 3.65 to 2.46. For each ofthe eight

Parameter Starting Estimated Sensitivity
Relative

value value Sensitivity

kx1 1.9 17.7 0.131052 0.163566

kx2 8.64 6.9 5.93E-02 4.95E-02

ani 0.2 0.03 3.96E~02 6.04E-02

an2 0.33 0.35 3.19E-02 1.44E-02

poi 0.80 0.78 8.75E-02 9.22E-03

p02 0.30 0.20 3.87E-02 2.70E-02

kd1 1.28E-04 1.00E~04 4.79E-02 O.19160!-

kd2 2.48E-04 1.00E-04 1.31E-02 5.25E-O£.-

Table 2. Parameter sensitivities (See Table 1 for unitS.)
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Sum of Squared Weighted Residuals 2.46
Contribution head-WT 1.52E-02
Contribution Head-2&3m 0.70
Contribution Head 6&8m 0.12
Contribution Temp"WT 1.01
Contribution Temp-3m 0.58
Contribution Temp-6&8m 4.10E-02

MODFLOW and More 2006: Managing Ground-Water Systems· Conference Proceedings, Poeter, Hill, & Zheng • www.mines.edu/igwmcl

parameters the relative difference between values in the peat layer and the sand layer was conserved,
with the exception of hydraulic conductivity. Sensitivity to boundary conditions was not considered in this
scoping model even though changes in boundary conditions would affect the head solution. SensitiVity to
boundary conditions and the addition of recharge and ET will be included in future work.

Contributions to the sum of squared weighted
residuals produce an inverse relationship for
shallow (WT), medium (2 & 3 m) and deep (6
& 8 m) points for head and temperature
observations (Table 3). It is possible this is
due to the limiting assumptions of steady-state
flow, no recharge, and fixed boundary
conditions. For example, transient Jecharge

Table 3. Sum of squared weighted residuals pulses ~ould chang~ the temperature gradient
at the site by advectlng surface temperatures

deeper into the system. Fixed boundary conditions also limit the ability of the parameter estimation code
to match head data.

Influence statistics as reported through Cook's D analysis (Cook and Weisberg 1982) forvalues greater
than 4/n (>0.25 for 16 observations) show that none of the head observations had influence on the
regression, perhaps due to the fixed model boundary conditions. On the other hand, six of the seven
temperature observations have global influence on the regression; only temperature observation 016 did
not (Table 4) due possibly to the dominating influence of water discharging to the stream at this location
(Figure 2). The area near 016 is dominated by the specified temperature boundary at the bottom of the
model, whereas shallower observations (e.g., 010,011,012) are likely dominated by surface temperature
fluctuations. A DFBETAS calculation of influence also showed negligible influence from head tar~ets on
the regression; heat targets, however, influenced each ofthe eight parameters (DFBETAS >2/n11 ).

Comparing Cook's D ranks between head and temperature observations shows correlation between
monitoring locations, suggesting that location in the problem domain can affect the influence of both types
of targets.

Observation Well Name Measured Simulated Calibrated Residual Cook's D
01 WT1 N1-WT head 496.71 496.66 496.60 0.11 3.23E-04
02 WT1N2-WT head 496.43 496.53 496.41 2.20E-02 2.97E-05
03 WT1 N3-WT head 496.29 496.49 496.34 -5.35E-02 1.22E-04
04 WT1N2-2 head 495.76 496.65 496.60 -0.83 2.29E-02
05 WT1 N2-3 head 496.43 496.53 496.43 -3.13E-03 5.85E-07
06 WT1N3-3 head 496.33 496.49 496.40 -6.58E-02 3.79E-04
07 WT1N1-6 head 496.74 496.66 496.60 0.14 9.26E-04
08 WT1 N2-8 head 496.70 496.53 496.48 0.22 1.17E-02
09 WT1 N3-8 head 496.69 496.50 496.47 0.22 1.33E":02
010 WT1 N1-WT Temp 8.4 8.9 9.0 -0.7 431.6
011 WT1N2-WT Temp 8.3 9.3 9.1 -0.8 6548.6
012 WT1N2-3 Temp 7.9 8.8 8.6 -0.6 5457.2
013 WT1N3"3 Temp 8.0 8.7 8.4 -0.4 4.7
014 WT1N1-6 Temp 7.6 7.6 7.7 -7.6E-02 4639.7
015 WT1 N2-8 Temp 8.2 7.9 8.0 0.2 7325.6
016 WT1N3.-8 Temp 8.2 8.1 8.1 4·.7E-02 3.2E"02

Table 4. Calibration Statistics. Simulated values represent the uncalibrated results and calibrated
values represent PEST optimized results. Head is in meters and temperature inoC. The last digit
inthe well name represents the average depth of screened interval (e.g. WT1 N1-WT :: Water table,
WT1N2-2 :: 2 meters depth).
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CONCLUSIONS

Correct specification of initial conditions is important for modeling heat transport in wetlands. Cyclic
steady-state initial conditions based on the annual cycle of temperature fluctuation is required to obtain a
correct description of temperature at depth. Initial conditions based on hourly or daily temperature
variations underestimate the temperature gradient at depth. Analysis of parameter sensitivity identified
the thermal retardation factor of peat (kd1), which is a function of thermal conductivity, as the most
influential model parameter. The most influential observation (01) was head in a water table weI/located
approximately 60 meters from the left hand side boundary of the model. However, no head target had
significant influence on the regression, probably because the specified head boundaries constrained the
head solution. Six of the seven temperature targets had influence on the regression. Calibration of the
linked flow and transport model with PEST resulted in a reduction of residual error and improved
estimation ofparameter values.
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