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Abstract:

We report the results of numerical and analytical simulations to test the hypothesis that downward vertical flow of
porewater from the crests of domed alpine and kettle bogs controls vertical porewater distributions of major solutes
such as Ca and Mg. The domed Etang de la Gruère bog (EGr), Switzerland, characterized by a vertical downward
gradient of 0Ð04 and stratified layers of peat, is chosen as a field site for the model calibration and evaluation. The
middle 4-m section of the 6Ð5 m thick bog peat is heavily humified and has a hydraulic conductivity of ¾10�5Ð6 cm s�1.
Above and below, peat is less humified with a hydraulic conductivity of ¾10�3 cm s�1. Heuristic finite difference
simulations, using Visual MODFLOW, of the bog hydraulics show that the higher conductivity peat at the bog base
is critical to create the observed deep, local flow cells that substantively recharge porewater.

Model results and Peclet number calculations show that before ¾7000 14C yr BP diffusion of solutes from underlying
mineral soils controlled the vertical distribution of porewater chemistry. From 7000 to ¾1250 14C BP the porewater
chemistry was probably controlled by both upward diffusion and downward advection, and after ¾1250 14C yr BP

porewater chemistry was probably controlled by downward advection. Concentrations of conservative major solutes
in the porewaters of alpine, ombrotrophic bogs are the net effect of both downward vertical porewater movement and
upward vertical diffusion, the magnitudes of which are delicately poised to the configuration of the bog water table
over time and subsurface peat stratigraphy. Copyright  2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Chemical diffusion and groundwater advection are the two major processes that move water and solutes
vertically in peatland soils. The extent to which these processes control solute transport in peatlands
depends both on the material properties of the peat and the evolving hydrogeologic setting of the wetland.
In this paper, we heuristically explore the interplay between diffusion and advection on the vertical
transport of solutes in raised bogs, a major wetland ecosystem type found in expansive circumboreal
peatlands, in former glacial kettle lakes, and in other moraine and alpine depressions (Mitsch and Gosslink,
2000).

Raised bogs are wetlands where peat soil accumulates to form a distinct dome-like shape, rising above
surrounding mineral soils or other wetland landforms (Clymo, 1983; Ingram, 1983; Roulet, 1990; Siegel,
1981, 1983). Raised bogs are acidic environments that mostly obtain their water from precipitation. The acid

* Correspondence to: J. M. McKenzie, Department of Earth Sciences, 204 Heroy Geology Laboratory, Syracuse University, Syracuse,
NY 13244, USA. E-mail: jmmckenz@syr.edu

Received 27 June 2000
Copyright  2002 John Wiley & Sons, Ltd. Accepted 21 February 2001



1048 J. M. McKENZIE ET AL.

conditions of raised bog surface waters evolve mostly from the dissociation of organic acids in porewater
and Sphagnum (Shotyk, 1988; Steinmann and Shotyk, 1997a). Raised bogs are important repositories for
long-term atmospheric data on anthropogenic change (Shotyk et al., 1998), and their subsurface hydrology
is an ideal setting to address the question: under what hydrologic conditions does chemical diffusion or
advection control vertical solute transport in peat? Raised bogs are ideal settings to address this question
because their morphology changes with time from relatively flat fens that are later covered by domed bog
peat. Fens are circumneutral ecological communities that receive most of their solutes from groundwater
discharge and first colonize most wetland settings. Fens gradually develop a groundwater mound which leads
to downward advective flow of water in peat near the land surface, deflecting previous upward groundwater
motion (McNamara et al., 1992).

The Dupuit–Forcheimer approach, often used to model porewater flow in domed bogs (Armstrong, 1995;
Hilbert et al., 2000; Ingram, 1982; Winston, 1994), assumes that the groundwater flow is horizontal, the
hydraulic gradient is equal to the slope of the water table, and the vertical hydraulic gradient is zero.
However, this approach has been challenged as inexact because it does not incorporate downward recharge
of porewater that theoretically occurs whenever the water table forms a mound, such as is found under raised
bogs (e.g. Siegel, 1981, 1983). For example, field studies on the hydrogeology and geochemistry of large
(several kilometre in diameter) raised bogs in the vast mire of the Glacial Lake Agassiz Peatlands, northern
Minnesota, USA, have confirmed that porewater moves vertically downward and sometimes upward at bog
crests, potentially flushing the bog peat columns within a decade under appropriate climatic conditions (Glaser
et al., 1997; Siegel et al., 1995).

Knowing how dissolved solids, dissolved gases and trace metals move vertically through peat is important
to understand the complexity of nutrient, carbon and other cycles and the controls over the ecological changes
in wetlands (Glaser et al., 1997; Price and Woo, 1990; Waddington and Roulet, 1997). Although vertical
porewater flow clearly occurs under bogs in the Glacial Lake Agassiz Peatlands, similar studies are scant
for the more common raised bogs found in alpine kettle lake settings in glaciated regions. McNamara et al.
(1992) heuristically modelled the advective reversal from upward to downward flow under the crest of a raised
bog (New York, USA) that evolved in a groundwater discharge zone. There, groundwater seeps continue to
discharge from the steep proximate mineral soil outcrops that surround the bog, while under the bog, advective
flow is downward deep into the peat.

We present the results of a study designed to extend the heuristic modelling approach developed by
McNamara et al. (1992) to groundwater flow and solute transport at raised bogs not underlain by pervasive
groundwater discharge zones. Instead we focus our study on raised bogs that formed in flatter areas under
conditions where diffusive transport of solutes upward from mineral soils will first predominate, as opposed
to advective transport. We specifically test the hypothesis that diffusive upward transport ultimately changes
to net advective downward flux as the water table mounds in bogs grow, and that the time when this transition
occurred in the history of the bog can be heuristically estimated, if not exactly determined. We further explore
the manner by which changes in peat material properties may affect when the transition from diffusive to
advective transport occurs.

Numerical and solute transport models may not accurately predict water and chemical mass movement
in peatlands or any other hydrogeologic setting in detail, because of uncertainties in low flow veloci-
ties, evolving surface morphology and boundary conditions with time, and spatial distributions of mate-
rial properties such as hydraulic conductivity (Schulze-Makuch et al., 1999; Bredehoeft and Konikow,
1993; Konikow et al., 1992; Oreskes et al., 1994; Oreskes, 2000). Flow and transport models, how-
ever, have and are being extensively used to heuristically determine the fundamental controls over
physical and chemical processes operating in hydrogeologic systems. These models, designed as learn-
ing tools rather than predictive devices, have led to new conceptual paradigms for the hydrogeol-
ogy of many settings, notably wetlands (e.g. Winter, 1978; Siegel, 1993; Ingram, 1982; Reeve et al.,
2000).
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STUDY AREA

We chose to heuristically model the hydrogeologic evolution and solute transport mechanisms at the Etang de
la Gruère (EGr) bog, located near the crest of a glacially eroded anticline in the Jura Mountains, Switzerland
(Figure 1) and for which there are excellent profiles of porewater chemical composition (Steinmann and
Shotyk, 1997a; Shotyk, 1996). The bog is 1005 m above sea level, receives 1300 mm of precipitation each
year and has an average annual temperature of 5Ð5 °C.

The bog is 22Ð5 ha, and is partially surrounded by a shallow artificial lake. The diameter of the bog is
300 m, and peat thickness increases from 2Ð5 m at the bog edge to 6Ð5 m at the bog centre (Joray, 1942;
Steinmann and Shotyk, 1997a). The aspect ratio (the bog height divided by diameter) is 0Ð01, compared to
0Ð005 to 0Ð01 for large raised bogs with 1000 mm of precipitation per year (Hobbs, 1986).

The EGr bog overlies siliceous clay underlain by a calcareous, karstic plateau, eroded at the anticline crest.
The siliceous clay sediments consist of ¾40% clay, ¾40% quartz, as well as small amounts of plagioclase,
K-feldspar and carbonates (<5% each) (Steinmann and Shotyk, 1997b). The underlying sediments dip slightly
from north to south (Joray, 1942) and the basal peat has been dated at 12 370 š 50 14C yr BP, corresponding
to ¾14 457 calibrated years BP (Shotyk et al., 1998).

The EGr peat is stratified into multiple layers of varying humification. Based on the Von Post (Landva et al.,
1986; Von Post, 1922) peat classification system (a scale from H1 to H10, with nonhumified peat classified
as H1 and completely humified peat as H10), a H8 peat unit peat lies between 130 and 420 cm depth. Below
and above the H8 unit is less decomposed peat, at H3–H5 humification (Steinmann and Shotyk, 1997a).
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Figure 1. Map of Etang de la Gruère bog, with the locations of the three nested piezometers used for sampling and hydraulic head
measurements. The bog crest is the location of sampling for geochemical profiles and age dating (Shotyk et al., 1998). Line A–A0 is the

location of the numerical model cross-sections
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METHODS

Field analysis
We needed representative, although not comprehensive, hydraulic information from the bog crest to constrain

our heuristic models, and chose to use the approach established by others for qualitative calibration of
bog hydrogeologic heuristic models (e.g. McNamara et al., 1992; Siegel et al., 1995). Four 50-cm long
sections of peat were collected from the crest of the EGr bog at 20–70 cm (H4–H5), 200–250 cm (H8),
450–500 cm (H4) and 550–600 cm (H3) depths to obtain values for vertical hydraulic conductivity of the
major stratigraphic zones in the peat. The cores were obtained with a 5-cm radius, semicircular, stainless steel,
Belarus corer (Belokopytov and Beresnevich, 1955), and were wrapped in multiple layers of cellophane and
stored in split PVC tubes at 4 °C. They remained wet in storage, and there was no indication of degassing or
oxidation as would be shown by discoloration on the core edges.

One piezometer nest was installed at the EGr bog crest and another on the bog flank as a lateral control.
The elevations of the piezometer nests were surveyed relative to the elevation of the surrounding lake.
The piezometers were installed using the methods described by Chason and Siegel (1986) and consisted of
1Ð1-cm diameter casing and screen lengths of 5 to 10 cm. The piezometers were used to measure the vertical
and horizontal hydraulic gradients and for field experiments to determine horizontal hydraulic conductivity.
The water table was measured with a piezometer screened from the bog surface to 100-cm depth. Water
levels in all of the piezometers were recorded 20 times between July 1, 1997 and August 31, 1998. Horizontal
hydraulic conductivity was determined using slug and bail tests and the data were analysed using the Hvorslev
method (Hvorslev, 1951). This method leads to qualitative, order-of-magnitude values for horizontal hydraulic
conductivity because the parameter is measured only tens of centimetres from the casing (e.g. Butler and Healy,
1998) but the horizontal flow paths are hundreds of metres long.

Steinmann and Shotyk (1997a) used peepers to obtain detailed porewater profiles. These devices allow in
situ chemical equilibration between deionized water and porewater across 0Ð2-µm filter paper, rather than
extracting water from pore spaces directly.

Laboratory analysis
Vertical hydraulic conductivity was measured from falling-head tests on sealed peat cores in a Darcy

apparatus (Freeze and Cherry,1979). Sections of core, 10–15 cm long, were set in a 12Ð5-cm diameter PVC
tube using paraffin wax as described by Hoag and Price (1997). Water was run through the apparatus from
the bottom upwards to force out trapped air. The peat was kept continually saturated, including during storage
by refrigeration, to avoid shrinkage, a situation that might break the peat–wax seal. In contrast to the value
for horizontal hydraulic conductivity, determined by slug tests, the laboratory tests for vertical hydraulic
conductivity are more certain because the length of the peat sampled is a significant fraction of the total flow
path length in the vertical peat column.

Batch experiments were used to obtain distribution coefficients for sorption of calcium and magnesium to
the EGr peat. The results from batch experiments were fit to the Freundlich distribution that assumes an infinite
sorption capacity of the solid matrix (Zheng and Bennett, 1995). The Freundlich distribution coefficient is
defined as (Fetter, 1999):

CŁ D KCa �1�

where CŁ is the amount of solute sorbed onto the solid phase, C is the concentration of the solute in solution,
and K, a are empirical constants found by fitting a line to a plot of C as a function of CŁ. The distribution
coefficient, K, is defined as the mass of solute on the solid phase per unit mass of solid phase divided by the
concentration of solute in solution and has the units of volume per mass (e.g. ml g�1).

A retardation coefficient, R, used as a sink term for removing solutes in advective–dispersive analytical
models, is calculated as follows (Zheng and Bennett, 1995):

R D 1 C �b

ne
aKCa�1 �2�
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where �b is bulk density of the porous material, ne is the effective porosity (from Hoag and Price, 1997), K
and a are found empirically [Equation (1)], and C is the concentration of the dissolved concentration of the
solute. The retardation coefficient equation is nonlinear because the Freundlich isotherm is a function of the
dissolved concentrations.

The experimental method for the batch experiments was modified from Day et al. (1979). Peat samples
were air dried for 36 to 48 h. The samples were ground to a powder using a mortar and pestle, mixed with
0Ð5 N hydrochloric acid and shaken with a wrist action shaker for 1 h. The solution was then filtered, and
the soil was washed with 400 ml of deionized water and air dried.

Approximately 5 g of powdered sample was placed in a test tube, and topped to 20 ml with a solution
containing varying amounts of magnesium (0–215 ppm) and calcium (0–2770 ppm). The test tubes were
shaken for 48 h using a wrist action shaker. (Preliminary experiments showed that 48 h was ample time for
equilibrium to be reached.) The solutions were then filtered with 0Ð45-µm filter paper and analysed using a
direct current plasma spectrometer for magnesium and calcium. Distribution coefficients were measured for
two different peat decomposition layers: 220–230 and 520–530 cm depth.

Analytical modelling

Solute transport in porewater is caused by chemical diffusion, fluid advection and/or mechanical dispersion
(Freeze and Cherry,1979). The Ogata–Banks equation (Ogata and Banks, 1961) with retardation (Bedient
et al., 1994) in one direction is an analytical, solute transport equation:

Ci

C0
D 1

2
erfc

(
Rl � vt

2
p

RDlt

)
C 1

2
exp

(
vl

Dl

)
erfc

(
Rl C vt

2
p

RDlt

)
�3�

where Ci/C0 is the relative concentration, l is the distance along the flow path, v is the average linear water
velocity, Dl is the coefficient of dispersion, and erfc is the complementary error function. The retardation
coefficient, R [Equation (2)], is set to unity for situations with no retardation.

If the average groundwater velocity is very slow, Equation (3) reduces to Fick’s Second ‘Law’ of pure
diffusion (Freeze and Cherry, 1979). In addition, at very low velocities, diffusion dominates dispersion, and
the coefficient of dispersion is equal to the diffusion coefficient (Dl D DŁ) (Freeze and Cherry, 1979).

Porewater data for Ca and Mg (Steinmann and Shotyk, 1997a) were compared to theoretical profiles of
diffusion described by the Ogata–Banks equation [Equation (3)] with no advective velocity to test the hypoth-
esis that diffusion controls solute transport in the bog. By holding t and Dl constant and changing the length
term, a theoretical chemical diffusion profile was calculated. Values for t, 11 425 yr, and DŁ, 10�10 m2 s�1,
were used to model the expected amount of chemical diffusion upward in the peat column. The DŁ value
used is the average of the maximum and minimum chemical diffusion coefficients selected as representative
values for a peatland setting (Cussler, 1997; Dominico and Schwartz, 1998; Freeze and Cherry, 1979).

The concentrations of solutes at the base of the analytical model, at 5Ð4 m depth, were assumed constant.
The principle source of cations in the peat porewater is the underlying calcareous sediment. It is reasonable
to assume that the Ca and Mg concentrations within 100 cm of the base of the peat (compared to ¾6 m total
peat thickness) have been nearly constant since the bog formed. The rates at which Ca and Mg dissolve from
granular carbonate minerals are comparable to the rates of solute transport from the base of the bog into the
peat column, and are slow enough to maintain chemical equilibrium near the base of the bog (Langmuir, 1997).

Numerical modelling

Visual MODFLOW was used for the numerical modelling experiments, oriented for cross-sectional flow
system analysis (e.g. Freeze and Witherspoon, 1967; Toth, 1963). Visual MODFLOW is a widely used
Microsoft Windows based version of the US Geological Survey 3-D Finite Difference Groundwater Flow
model, MODFLOW (Harbaugh and McDonald, 1988, 1996). The model of the EGr bog was run at steady state,
two-dimensional with eight grid layers divided into four hydrogeologic units representing four stratigraphic

Copyright  2002 John Wiley & Sons, Ltd. Hydrol. Process. 16, 1047–1064 (2002)
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layers of different humification. The peat units were initially assigned vertical and horizontal hydraulic
conductivity values based on the field and laboratory results to guide the heuristic modelling effort.

The modelled domain was 6Ð5 m thick at the centre and 2Ð5 m thick at the edges. The topography of the
bog water table was adapted from Joray (1942) and from levelling the water table wells. The model had 34
columns evenly spaced over 300 m, except at the edges of the bog where the spacing was halved for better
resolution (Figure 2; Tables I and II).

The top of the model was a constant head boundary, Dirichlet condition (Bear and Verruijt, 1987), reflecting
a steady water table 30 cm below the topographic surface of the bog (Figure 2). The bottom and all sides
of the model were considered no-flow boundaries, Neumann conditions (Bear and Verruijt, 1987) (Figure 2).
Applying these types of boundary conditions is standard practice with respect to modelling steady-state
hydrogeological conditions for wetland settings with pronounced water table mounds (e.g. Winter, 1978;
McNamara et al., 1992; Siegel, 1993) and with the absence of notable strong mass fluxes from the sides.
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Figure 2. The grid network and simulated calibration wells used for the Visual MODFLOW simulations of the present day EGr bog. The
bottom and sides of the model are no-flow boundaries, and the constant head layer across the top of the model represents the water table.
The hydraulic conductivity units are described in Table II. The calibration wells are simulated wells placed throughout the model domain

Table I. Model input parameters for Visual MODFLOW. Descriptions of the hydraulic units are in Table II. (Note:
measurements taken below the bog crest)

Model A B C D E

Model age (14C yr BP) 0 2000 4500 4250 7000
Model thickness (m) 6Ð5 5Ð5 4Ð5 3Ð5 3Ð0
Number of layers 11 9 8 7 7
Elevation of hydraulic unit 1 (m) 0Ð0–2Ð2 0Ð0–2Ð1 0Ð0–2Ð1 0Ð0–1Ð9 0Ð0–2Ð0
Elevation of hydraulic unit 2 (m) 2Ð2–5Ð5 2Ð1–4Ð0 2Ð1–3Ð5 1Ð9–2Ð5 2Ð0–2Ð0
Elevation of hydraulic unit 3 (m) 5Ð5–6Ð5 4Ð0–5Ð5 3Ð5–4Ð5 2Ð5–3Ð5 2Ð0–3Ð0
Depth to water table (m) 0Ð2 0Ð2 0Ð2 0Ð2 0Ð2
Model diameter (m) 300 300 300 300 300
Number of columns 32 32 32 30 30
Number of cells 352 288 256 210 210
Vertical gradient at crest (from 1 m below

bog surface to 1 m above model base)
0Ð04 0Ð025 0Ð02 0Ð009 0Ð001

Copyright  2002 John Wiley & Sons, Ltd. Hydrol. Process. 16, 1047–1064 (2002)
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Table II. Description of hydraulic units used in numerical modelling with Visual MODFLOW

Hydraulic unit 1 2 3

Location in EGr bog Bottom Middle Top
Calibrated horizontal hydraulic conductivity (cm s�1) 10�4Ð5 10�5Ð6 1
Calibrated vertical hydraulic conductivity (cm s�1) 10�2Ð2 10�6 10
Calibrated anisotropy ratio (Kh/Kv) 10�3Ð3 2Ð3 0Ð1
Measured horizontal hydraulic conductivity (cm s�1) 10�3Ð5 10�5Ð6 Not measured
Measured vertical hydraulic conductivity (cm s�1) 10�3Ð2 10�4 10�2

Measured anisotropy ratio (Kh/Kv) 0Ð5 0Ð02 Not applicable
Degree of decomposition (Von post scale) H3–H4 H8 H1–H4

The numerical model results were fit to the average observed hydraulic head gradients at the bog crest and
flank by varying horizontal and vertical hydraulic conductivity values. The average vertical hydraulic head
distributions measured at the bog crest and flank remained almost the same, downward, throughout the field
season. Vertical reversals of hydraulic head would be expected more at the bog–lake edge where transient
flow reversals could occur as the lake rises or falls faster than the adjacent water table. However, the purpose
of our research was to determine the hydraulic processes at the bog crest, the point of maximum accumulation
of peat and focus of ombrotrophy. Therefore, while we do recognize potential boundary effects at the edge
of the bog, calibration at this location is not emphasized in light of our objectives, similar to what was done
by McNamara et al. (1992).

The dimensionless Peclet number was used to distinguish between the predominance of diffusive or
advective mass transport (Remenda et al., 1996). The Peclet number, Pn, is (Freeze and Cherry, 1979):

Pn D vd

DŁ �4�

where v is the average linear velocity, d is the average particle diameter, and DŁ is the diffusion coefficient.
Substituting Darcy’s Law, solved for v, into Equation (4) renders:

Pn D Kid

neDŁ �5�

where ne is effective porosity, i is the vertical hydraulic gradient, and K is hydraulic conductivity.
If Pn is less than approximately 0Ð02, then solute transport is dominated by longitudinal diffusion, whereas

if Pn is greater than 6, then solute transport is dominated by mechanical dispersion and advection (Fetter,
1999). If Pn is between 0Ð02 and 6, transitional conditions may occur (Fetter, 1999).

In Equation (5), the hydraulic conductivity, the average particle diameter, the effective porosity and the
diffusion coefficient can be held constant. A numerical model can be used to heuristically calculate vertical
hydraulic head gradients as the water table mound under the bog grows, and the result can then be applied
to the Peclet number to assess if mass transport at any given time is dominated by diffusion or advection.

As a starting point for the heuristic Peclet calculation for modern conditions a vertical diffusion coefficient
of 10�10 m2 s�1 (Freeze and Cherry, 1979) and an effective porosity of 0Ð25 (Hoag and Price, 1997) were
used and an average pore diameter of 1 mm was used, based on data obtained from similar peat soil types
(Yamaguchi et al., 1985). For the Peclet calculation a vertical hydraulic conductivity of 10�5Ð3 cm s�1 and a
vertical hydraulic gradient calculated from the numerical cross-sectional model, calibrated by changing the
estimated values for vertical and horizontal hydraulic conductivities in each hydrologic unit, were used. Then,
the profile of the bog water table was changed to reflect the growth of the bog. The water table configuration
was based on the age of the peat, determined by radiogenic dating (Shotyk et al., 1998). It was assumed
that the width of the bog was effectively the same over time and that the shape of the water table mound
historically was simply an increasingly subdued replicate of the modern setting.

Copyright  2002 John Wiley & Sons, Ltd. Hydrol. Process. 16, 1047–1064 (2002)
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Sensitivity analysis investigated the effects of varying the hydraulic conductivity on the modelled hydraulic
head of the EGr bog. After the modelled head values at the piezometer locations were matched, the hydraulic
head was noted at nine sampling points in the numerical model domain (Figure 2). The hydraulic head data
for each sampling point was set arbitrarily to the computed head value at that location. Horizontal and vertical
hydraulic conductivity values for each hydraulic unit were then varied individually, and a measurement of
sensitivity of the simulated hydraulic head to hydraulic conductivity was calculated using the following
equation (Anderson and Woessner, 1992; Zheng and Bennett, 1995):

Xi D RMSi,changed � RMSoriginal �6�

where Xi is the measure of sensitivity as a result of a change in parameter i, RMSi,changed and RMSoriginal

are the root-mean-squared error of the hydraulic head for the perturbed and original model respectively. The
root-mean-squared error for a given model perturbation, i, is (Anderson and Woessner, 1992):

RMS D
√√√√1/n

n∑
i

�hm � hs�2
i �7�

where n is the number of samples, and hm � hs is the difference between the perturbed and original hydraulic
heads at the sampling points.

RESULTS

Peat properties

Upon extraction, the 20 to 70 cm depth core roughly consisted of two sections: a light brown, loose
Sphagnum, H4 peat section from 20 to 40 cm depth, and a dark brown to black layer, H5, with wood material
from 40 to 70 cm depth. The second core, from 200 to 250 cm depth, had no noticeable stratigraphic breaks,
was black, and H8 peat. The third core, from 450 to 500 cm depth, was in two sections: Carex dominated,
H4 peat from 450 to 480 cm depth, and slightly broken up Sphagnum and Carex, H4 peat to the end of the
core. The fourth core, from 550 to 600 cm depth, had H3 peat and a gradual transition to light brown moss
in the bottom 20 cm.

Hydraulic gradients

The gradients at the bog crest (Figure 3) and on the bog flank (not shown) were, on average, 0Ð04
downwards. The average vertical head gradient at the crest of the EGr bog is downward (Figure 3a), although
seasonally, vertical head gradients change (Figure 3b). The hydraulic gradient at the bog flank is downward
through most of the measurement period and fluctuated less than at the bog crest.

Hydraulic properties

The geometric mean of the horizontal hydraulic conductivity (n D 7) from the centre well-humified
peat section, 1Ð0 to 4Ð3 m depth, is 10�5Ð6 cm s�1, the minimum is 10�6Ð5 cm s�1 and the maximum is
10�4Ð5 cm s�1. The horizontal hydraulic conductivity of the underlying less humified layer, 5Ð5 to 6Ð5 m depth,
is 10�3Ð5 cm s�1 (n D 1). From the falling head tests, the vertical hydraulic conductivity was measured as
10�2 cm s�1 at 0Ð5 m depth, 10�4 cm s�1 at 2Ð5 m depth, and 10�3Ð2 cm s�1 at 4Ð6 m depth. The weighted
average of the vertical hydraulic conductivity is 10�3Ð8 cm s�1. Figure 4 displays the horizontal, vertical
hydraulic conductivity values, and those predicted from peat bulk density with depth.
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Figure 3. Hydraulic head measurements at the bog crest (a) with depth and (b) through time. The hydraulic head measurements were made
with piezometers inserted to depths of 150, 250 and 550 cm. The water table was measured with a PVC tube that was fully slotted from a
depth of 0 to 100 cm below the land surface. Part (a) shows the general trend of the vertical hydraulic head is downwards, with an average

hydraulic gradient of 0Ð04
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and Shotyk, 1997a)

Adsorption experiments

The sorption data was fit to the nonlinear Freundlich sorption isotherm using Sigma Plot, a scientific
graphing program. The distribution coefficients at 220 to 230 cm depth were 0Ð0025 and 0Ð016 ml g�1 for
Mg and Ca respectively. The distribution coefficients at 520 to 530 cm depth were 0Ð0003 and 0Ð019 ml g�1

for Mg and Ca respectively. The retardation coefficients for Ca and Mg at both depths ranged from 1Ð0 to
5Ð3 for dissolved solute concentrations of 20 to 0Ð0001 ppm.

Analytical modelling

Figure 5 summarizes the results of the analytical 1-D model for solute transport by chemical diffusion with
and without retardation.

Numerical modelling

The flow net from the calibrated numerical flow model for the modern bog is shown in Figure 6a. The
values of vertical and horizontal hydraulic conductivity observed and used in the calibrated model are in
Table II. The calibrated values of the horizontal hydraulic conductivity of the bottom layer, 10�4Ð5 cm s�1,
and the vertical hydraulic conductivity of the middle layer, 10�6 cm s�1, were smaller than the observed,
10�3Ð5 and 10�4 cm s�1 respectively. The calibrated values of the vertical hydraulic conductivity of the
bottom hydraulic unit, 10�2Ð2 cm s�1, and the top hydraulic unit, 10 cm s�1, are larger than the observed,
10�3Ð2 and 10�2 cm s�1 respectively. The calibrated and observed vertical hydraulic conductivities of the
horizontal hydraulic conductivity of the middle hydraulic unit are the same, 10�5Ð6 cm s�1, and the horizontal
hydraulic conductivity of the top layer was not measured. In our sensitivity analysis, we varied the horizontal
and vertical hydraulic conductivity of individual hydraulic units by factors of 5 and 10. The results of the
sensitivity analysis are presented in Figure 7.

The EGr bog was then modelled to evaluate changes in vertical hydraulic gradient with growth of the EGr
dome. In addition to the modern scenario, heuristic models were run for bogs with a thickness of 5Ð5, 4Ð5,
3Ð5 and 3Ð0 m, corresponding to approximate ages of 2000, 4500, 6250 and 7000 14C yr BP (Figure 6). As
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of the profile, C0. The Ci for Ca and Mg is 798Ð3 and 101Ð6 µM respectively. The results show that a retardation factor of 35 is needed for

the analytical results to match the measured porewater profiles

the thickness of the bog decreased from 6Ð5 to 3Ð0 m, the vertical gradients decreased from 0Ð04 to 0Ð001
(Table I; Figure 6).

INTERPRETATION

The EGr bog has a groundwater mound that rises approximately 4Ð0 m above the surrounding lake. The
measured downward hydraulic gradients in it are consistent with what is expected for lake–groundwater
interaction when such a mound is present (Winter, 1978). Although the head gradient is generally downward
at the bog crest, the gradient does seasonally change. These short-term changes in the vertical hydraulic
gradients at the EGr bog crest are consistent with the hypothesis of episodic methane build-up and ebullition
from the peat causing overpressuring in the centre of the peat column (Romanowicz et al., 1993; Glaser et al.,
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Figure 6. Flownet output of the Visual MODLFLOW models demonstrating the decrease in vertical hydraulic gradient with a decrease in
the thickness of the EGr model dome. In the models, all of the hydraulic conductivity values were held constant but the thickness of the
hydraulic units was varied. The resultant vertical gradients at the bog crest are 0Ð036, 0Ð025, 0Ð019, 0Ð0091 and 0Ð001 for models (a), (b),

(c), (d) and (e) respectively. The model input parameters are tabulated in Tables I and II

1997). However, during this project, no measurements of methane or other gases were made, so this hypothesis
needs to be further tested. In any case, in general, vertical head gradients are almost always downward and
sufficient to drive advective flow.
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The field values for horizontal hydraulic conductivity of EGr peat are similar to that found elsewhere,
in the range of 10�4 to 10�3 cm s�1 (Chason and Siegel, 1986). However, the anisotropy ratio (horizontal
hydraulic conductivity divided by vertical hydraulic conductivity) <1 (Figure 4) is unusual. The majority
of porous materials, including those in wetlands, have anisotropy ratios greater than unity (e.g. Chason and
Siegel, 1986; Freeze and Cherry, 1979).

There are two possible explanations for the inverse anisotropy in the EGr bog. First, the vertical hydraulic
conductivity experiments may have failed due to poor seals between the peat and the surrounding paraffin
wax. However, bubbles or other fluids were not seen moving through the wax seal during the experiments;
therefore a failed seal is not plausible. Second, the peat profile from the surface to a depth of 420 cm contains
significant remains of Eriophorum (Joray, 1942), a grass with a decay resistant base and long, fine fibres. These
stalks and fibres are preserved in their original, upright orientation, probably creating secondary pathways
that pipe water in the vertical direction. When the EGr bog cores were split, the vertical orientation of this
plant macrofossil was readily apparent.

The porewater of the EGr bog has decreasing concentrations of major solutes from the base of the peat
profile to the surface (Figure 5). Considering the hydrogeologic isolation of the dome from the surrounding
topography, the only major source of high concentrations of solutes in the porewater is the underlying
sediments. The three possible modes of upward transport for solutes are diffusion, upward advection driven
by an upward porewater flow, and/or transverse dispersion driven by a horizontal flow (Reeve et al., 2000).
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The analytical models (Figure 5) show that the solutes, given the age of the lower peat sediments, simply
could not have migrated upward by diffusion. The modelled diffusion profiles in all cases show more diffusion
(i.e. the profile rises higher in the peat profile from the mineral soil base) than shown by the profiles of the
measured solute concentrations. All measured solute profiles plot below plausible theoretical diffusion profiles,
even the analytical one-dimensional model with a maximum plausible retardation factor of 10.

Hoag and Price (1997) found that the maximum retardation factor for base cations in well-humified peat is
7Ð3, indicating that our analytic model results (with a retardation factor of 35) are not a plausible representation
of solute transport in the EGr bog. Finally, the retardation factors for Ca and Mg from the batch experiments
range from approximately 1 to 5Ð3, thereby confirming that a retardation factor of 35 is unrealistic.

Reeve et al. (2000) show that horizontal flow, given sufficient time and distance, can create extensive
transverse dispersion. The result of this process in the EGr bog would be increased upward movement of
solutes into the peat profile from the mineral soil. However, the results of our study show that the upward
movement of solutes is less than predicted, with or without dispersion from horizontal flow. The occurrence
of transverse dispersion is difficult to estimate, but it will lead to an underestimation of the downward
vertical flow.

Porewater solutes did not diffuse high into the peat profile because downward advection of pore water
prevented it. The measured downward gradient at the bog crest is 4% (0Ð04). Assuming an effective porosity
of 0Ð25 and using the weighted average of the measured vertical hydraulic conductivity values (10�3Ð8 cm s�1),
the average linear velocity is ¾2 cm day�1 downwards.

The Visual MODFLOW simulation shows that flow paths originate at the bog crest, move downward,
and then return to the bog flanks. These results are similar to those by Freeze and Witherspoon (1967) who
prepared numerical models of regional groundwater flow in mineral soils including a buried layer of high
hydraulic conductivity. Reeve et al. (2000) recently found that sand and gravel layers below large peatlands,
such as the Glacial Lake Agassiz Peatlands, similarly influence the groundwater flow cells at a much larger
scale. The model results and sensitivity analysis further show that groundwater flow in the bog peat is most
sensitive to the horizontal hydraulic conductivity of the bottom layer, followed by the horizontal and vertical
hydraulic conductivities of the middle layer (Figure 7). The hydraulic head did not change significantly when
changes in other model parameters, including the depth of the lake or even the absence/presence of the lake,
were made.

Total mass transport in the bog hydrogeologic setting is, of course, still dominated by horizontal flow. Flow
lines that originate at the bog crest travel down to the bottom high hydraulic conductivity layer, laterally to
the edge of the model, and then upwards to the constant head boundary representing the lake. Flow paths that
originate on the bog flanks travel downward slightly, move nearly parallel to the bog surface, and at the bog
edge the water is discharged to the lake edge due to the change in slope of the bog surface near the lake.

The modern Peclet number defining the condition of vertical solute transport at the bog crest is 8Ð0, based
on present day values for the vertical downward gradient. Holding the bog peat material properties constant,
the Peclet number equation reduces to a function of the vertical hydraulic gradient, controlled by the doming
of the bog, and a constant based on the physical properties of the peat [Equation (5)].

Reducing the value for the hydraulic gradient from 0Ð04 to <0Ð001 would theoretically result in pure
diffusive solute transport. At EGr, the modelled vertical hydraulic gradient of 0Ð001 was heuristically calculated
for a bog only 3Ð0 m thick, 7000 14C yr BP. Therefore, before 7000 14C yr BP, the porewater chemistry of the
EGr bog was controlled purely by upward diffusion. From 7000 to ¾1250 14C yr BP the porewater chemistry
was controlled by both upward diffusion and downward advection. For the past ¾1250 14C yr, solute transport
in the EGr bog has been dominated by downward advection (Figure 8).

Uncertainties

There is obviously uncertainty in the parameters used for the analytical, numerical and Peclet number
modelling. We chose parameters that we felt were most plausible for the hydrogeologic setting of the bog.
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For example, our assumed value for DŁ is consistent with the value commonly used in solute transport
calculations (e.g. Freeze and Cherry, 1979) in like environments, and our assumed value and method of
measurement for hydraulic conductivity is consistent with practice (e.g. Chason and Siegel, 1986).

For the Peclet number analysis, we assumed that the calibrated vertical hydraulic conductivity of the modern
hydrogeologic numerical flow model was the most appropriate one to use. We calibrated to the observed head
distributions by varying hydraulic conductivity; the boundary conditions of the bog margins, water table and
lower no-flow boundary were fixed at steady state, and only the hydraulic conductivity was used to make the
calibration as is typical in doing heuristic (or even transient) models (Anderson and Woesner, 1992). We then
optimized the modern Peclet number to ensure that advective flow occurs in the peat profile today, based on
modern field data, and that diffusion controlled solute transport when the bog initially domed 10 000 years
ago, which is heuristically sensible from first principles, given a nearly flat water table.

It is clear that when the bog first formed, the upward diffusive flow of solutes was the dominant transport
mechanism because there was no to minimal groundwater mounding that would drive recharge downward. It
is also clear that modern downward advection of ground water now inhibits upward diffusion; otherwise, the
measured solute profiles would match diffusion profiles. The fundamental question remains: what combination
of hydraulic properties can lead to downward advection today? We attempt to resolve this issue by testing
the sensitivity of changing the parameters in the Peclet number to obtain values greater than 6Ð0, indicating
advection is the dominant transport process. Of the material properties used to calculate the Peclet number,
the widest potential range in values are for the coefficient of dispersion which can span two orders of
magnitude and for the vertical hydraulic conductivity. For example, assuming the lowest plausible value
for vertical hydraulic conductivity, 10�7 cm s�1, to obtain a Peclet number greater than 6Ð0 the diffusion
coefficient would have to be 10�11Ð5 m2 s�1, smaller than the minimum plausible, 10�11 m2 s�1 (Freeze and
Cherry, 1979). Inversely, assuming the diffusion coefficient has a maximum plausible value of 10�9 m2 s�1,
the vertical hydraulic conductivity must be 10�4Ð5 cm s�1 for advection to be the dominant solute transport
process. Without detailed field experiments, such as mini-aquifer testing and tracer tests in the bog, it is not
possible to constrain the uncertainty and variability of the Peclet number more, although the combination of
values used must have a value greater than 6 to advect recharge downward today in the bog. Our sensitivity
testing, although constrained in part by the difficulty of obtaining important material parameters for peat, does
suggest that we have captured the essence of the evolution of the bog’s solute transport history, if not the
details in specific timing.
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There are uncertainties in the Visual MODFLOW simulations. The lateral peat stratigraphy is not well
constrained, but plausibly continuous and horizontal given the heuristic approach used in this study. The age
of the peat at the EGr bog crest is well known (Shotyket al., 1998), but there is, as is usual in wetlands,
limited information (i.e. Joray, 1942) on the palaeomorphology and growth rates at the bog flanks and edges.
We assumed as a first approximation, based on changes in vegetation, that bog growth started out as a flatter
‘fen-type’ peatland and then domed.

CONCLUSIONS

Vertical porewater flow is an important process often overlooked by wetland scientists. Our research shows
that vertical flow can and does influence the porewater chemistry of the EGr bog, and by extension, probably
other isolated domed bogs as well. Using only the Dupuit–Forcheimer assumptions to calculate porewater
movement and mass transport will invariably lead to errors in the chemical mass flux of bog systems at other
than temporally short time scales. For example, prediction of the shape and size of raised bogs based only on
the horizontal flow of water (Ingram, 1982; Winston, 1994) may be problematic where there is a significant
component of vertical flow.

Our measured vertical profiles of porewater chemistry at the EGr bog plot lower than that calculated by
analytical models incorporating pure vertical diffusive transport. Today at the crest of the EGr bog, porewater
clearly moves downward and deep through the peat profile and hydraulic measurements suggest that the rate
of movement is on the order of ¾2 cm day�1.

Heuristic numerical modelling experiments of porewater flow at the EGr bog show that the high hydraulic
conductivity layer at the bottom of the EGr bog is critical to form recharge flow cells extending to the base
of the bog. Coupling the numerical model with Peclet number analysis shows that current solute transport in
the bog is both advective and diffusive, although prior to 7000 14C yr before present, solute transport was
controlled only by vertical diffusion (Figure 8). These results compare well to those of Reeves et al. (2000)
for the larger Glacial Lake Agassiz Peatlands, where a higher permeability layer in mineral soils below the
base of the peat column creates deep, vertical, groundwater flow cells. The hydrodynamics of porewater flow
in these two very different peatland settings lead to the conclusion that the presence or absence of a higher
permeability layer in or below a domed peat bog is a crucial factor to create conditions for deep vertical flow
of porewater and advection of solutes in peat.
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