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[1] The surface pattern of vegetation influences the composition and humification of peat
laid down during the development of a bog, producing a subsurface hydrological structure
that is expected to affect both the rate and pattern of water flow. Subsurface peat
structures are routinely derived from the inspection of peat cores. However, logistical
limits on the number of cores that can be collected means that the horizontal extent of
these structures must be inferred. We consider whether subsurface patterns in peat
physical properties can be mapped in detail over large areas with ground-penetrating radar
(GPR) and complex conductivity by comparing geophysical measurements with peat core
data along a 36 m transect through different microhabitats at Caribou Bog, Maine. The
geophysical methods show promise. Peat horizons produced radar reflections because of
changes in the volumetric moisture content. Although these reflections could not be
directly correlated with the peat core data, they were related to the depth-averaged peat
properties which varied markedly between the microhabitats. Well-decomposed peat
below a hollow was characterized by a discontinuous sequence of chaotic wavy
reflections, while distinct layering of the peat below an area of hummocks coincided with
a pattern of parallel planar reflections. The complex conductivity survey showed spatial
variation in the real and imaginary conductivities which resulted from changes in the pore
water conductivity; peat structures may also have influenced the spatial pattern in the
complex conductivity. The GPR and complex conductivity surveys enabled the
developmental history of the different microhabitats along the studied transect to be
inferred.
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1. Introduction and Aim of the Research

1.1. Background

[2] Peatlands are prototypical ecohydrological systems.
The pattern of vegetation at the peatland surface controls,
and is controlled by, hydrological factors. For example, the
distribution of different plant species in raised bogs shows a

close correspondence with water table position so that
‘‘microhabitats’’ such as hummocks, lawns, hollows, and
pools [cf. Belyea and Clymo, 1998] have distinctive
assemblages of plants and distinctive hydrological regimes.
Hummocks tend to contain small-leaved Sphagna and a
relatively high cover of sedges and ericaceous shrubs, while
lawns and hollows usually contain a lower cover of vascular
plants with a high cover of large-leaved Sphagna. However,
ecohydrological linkages in peatlands go beyond simple
relationships between hydrological regime and the assem-
blage of plant species.
[3] Different plant communities in peatlands lay down

litter or peat of different physical properties which becomes
incorporated into the main body of the peat as the peatland
grows. These different peats may exert an influence on the
ecohydrological functioning of the peatland long after the
peat was formed. It has been suggested, for example, that in
humid temperate bogs, peat formed in hummocks has a
lower permeability than peat formed in hollows because the
plant litter that forms the peat in hummocks spends longer
above the water table and is therefore more decomposed
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than the litter in hollows [cf. Belyea and Baird, 2006; see
also Boelter, 1969]. The degree of decomposition of peat
will also vary according to the plant species making up the
peat, with peat containing vascular plant remains often
being more decomposable than that containing Sphagnum
remains [cf. Frolking et al., 2001; Moore et al., 2007]. If
hummocks persist in the peatland landscape, the peat laid
down in them may form ‘‘columns’’ of lower-permeability
peat. If hummocks coalesce to form ridges, the lower-
permeability peat may form curtain-like structures in the
peat deposit [Belyea and Baird, 2006]. The pattern of lower-
and higher-permeability peat in the peat deposit can be
expected to affect both rates and patterns of water flow
through the peat and, therefore, the spatial pattern of
hydrological regimes (e.g., water table regime) across the
peatland [Belyea and Baird, 2006], which in turn may affect
the patterning of vegetation. Such ecohydrological feed-
backs have been explored numerically by Swanson and
Grigal [1988] and Couwenberg and Joosten [2005], who
used simple cellular models to show that complex patterns
of vegetation and of peat transmissivity may emerge from
relatively simple interactions between vegetation type and
water table position. However, a problem of such studies is
that they have not been tested with field data. Although
some paleoecological work has shown the spatial continuity
of structures within bodies of peat [e.g., Barber, 1981], such
work relies on the inspection of faces of peat in peatlands
that are being cut for peat. Most studies of the subsurface
properties of peat use a relatively small number of boreholes
(several tens of holes) in which vertical changes in peat type
are mapped but from which horizontal variations can only
be inferred (if boreholes are constructed along transects).
[4] To test models such as those of Swanson and Grigal

[1988] and Couwenberg and Joosten [2005] and to improve
understanding of how subsurface structures within a peat
deposit might affect patterns of water flow, it would be very
useful if the peat could be mapped noninvasively and in
detail over large areas. In theory, information about the level
of decomposition of the peat can be obtained using geo-
physical methods such as ground-penetrating radar (GPR)
and complex conductivity.

1.2. Ground-Penetrating Radar

[5] GPR is a geophysical technique for noninvasively
identifying changes in the dielectric permittivity between
soil layers [e.g., Huisman et al., 2003]. A transmitting
antenna generates a high-frequency electromagnetic (EM)
wave that penetrates the subsurface and returns to a receiv-
ing antenna as a sequence of reflections from the boundaries
between materials with contrasting EM properties, such as
the boundary between different types of peat or peats with
different levels of saturation. The velocity of this EM wave
is primarily controlled by the relative dielectric permittivity.
Two types of commonly applied GPR reflection surveys are
(1) the common offset, where a fixed spacing is maintained
between antennae as they are moved stepwise at fixed
intervals along a transect, and (2) the common midpoint
(CMP) gather, where the antennae are sequentially moved
apart at fixed intervals on either side of the measurement
position. Common offset measurements are used to con-
struct a transect of the changing physical properties through
the ground, recorded as a sequence of reflections in time at

each measurement position along the transect. CMP surveys
are commonly used to determine the subsurface velocity of
the EM wave. With knowledge of the subsurface velocity,
the depth of the reflections identified in the common offset
measurements can be calculated. In addition, the subsurface
velocity can provide a bulk measure of the dielectric
permittivity of the peat and can be attributed to changes
in peat porosity or saturation [Comas et al., 2008] (see Jol
and Bristow [2003] and Neal [2004] for further details on
survey geometry and applications).
[6] GPR has been used for peat deposit profiling for more

than 20 years, proving very useful for characterizing the
overall depth of peat deposits and the suborganic lithology
[Worsfold et al., 1986; Jol and Smith, 1991; Nobes and
Warner, 1991; Lapen et al., 1996]. The boundary between
the peat and the underlying mineral sediment is clearly
identifiable because of the strong EM wave reflection
resulting from the sharp reduction in the volumetric mois-
ture content between the peat and the underlying mineral
soil [e.g., Comas et al., 2004]. This strong EM reflection
enables the peat depth to be mapped at a high spatial
resolution [Worsfold et al., 1986]. However, the stratigraphic
information on the peat profile that can be obtained from
GPR measurements is less clear. Radar reflection profiles
within peat often show a pattern of reflections [cf. Comas et
al., 2004]. Theimer et al. [1994] suggested that these
reflections strongly match variations in peat moisture con-
tent (although no radar profiles were presented). However,
Warner et al. [1990] could only identify the boundary
between uppermost poorly decomposed peat (‘‘acrotelm’’)
and underlying well-decomposed peat (‘‘catotelm’’) [cf.
Ingram, 1978], and Worsfold et al. [1986] suggested a lack
of correlation between peat properties and radar reflections.
[7] Although the identification of the boundaries between

individual peat horizons from GPR measurements may
prove problematic, the potential of GPR to identify the
developmental history of different parts of a peatland has
not been evaluated. For example, the reflection profile of an
area of peatland that has shown numerous switches between
different microhabitats may contrast clearly with the reflec-
tion profile of a microhabitat that has persisted over the
development of the bog. Therefore, instead of attempting to
produce direct correlations between the location of peat
horizons and EM reflections [e.g., Worsfold et al., 1986],
GPR may be applied to identify different ‘‘developmental
zones’’ of peat.

1.3. Complex Conductivity

[8] The complex conductivity, s*, of a material is com-
posed of the in-phase (real) conductivity, s0, and out-of-
phase (imaginary) conductivity, s00:

s* ¼ s0 þ is00; ð1Þ

where i =
ffiffiffiffiffiffiffi
�1

p
. The real conductivity is a measure of how

strongly a material supports the flow of electrical current,
and the imaginary conductivity is a measure of the
polarization, the storage of electrical charge.
1.3.1. Real Conductivity
[9] Below the water table, the real conductivity of peat

depends on the pore fluid conductivity, the biogenic gas
content (i.e., degree of saturation), and the physical prop-
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erties of the peat matrix (porosity and surface area)
[Theimer et al., 1994; Comas and Slater, 2004; Slater et
al., 2007]. The commonly applied parallel electrolytic and
surface conduction model may be used for defining the
relationship between these properties [e.g., Comas and
Slater, 2004] for peat soils:

s0 ¼ qmeffS
nsw þ ssurf ; ð2Þ

where qeff is the effective porosity, S is the saturation, sw is
the pore fluid conductivity, ssurf is the surface conductivity
(conduction within the electrical double layer that forms at
the solid-fluid interface), n is the saturation exponent, and m
is the ‘‘cementation’’ factor, which depends on the shape of
the pores and their interconnectedness. The first term on the
right side of equation (2), Archie’s law [Archie, 1942],
accounts for the electrolytic current flow through the pore
water. Although Archie’s law has been parameterized for
numerous geological materials, few attempts have been
made to parameterize the equation for organic soils. Slater
et al. [2007] suggest that a value for the saturation exponent
of �1.3 is appropriate for poorly decomposed Sphagnum
peat. However, they emphasize the approximate nature of
this value, with the need for future laboratory experiments
to constrain it further.
[10] Comas and Slater [2004] show that the first term on

the right side of equation (2) must be adapted to simulate
the electrical properties of peat under varying pore water
conductivities. Their adapted equation accounts for the
dilation of the pore space resulting from the flocculation
of humic acids located on the surface of the peat fibers.
They also suggest that the surface conduction component
(ssurf ; equation (2)) can be approximated by its linear depen-
dence on the imaginary conductivity, s00 (section 1.3.2). The
adapted version of equation (2), with the exclusion of qeff

m

and Sn, is

s0 ¼ sel þ ssurf ¼ Asb
w þ Cs00 swð Þ; ð3Þ

where sel is the electrolytic conduction and A, b, and C are
constants. Comas and Slater [2004] found that A equaled
1.29, b equaled 1.42, and C equaled 63 for a peat sample
collected at a depth of 1.0–1.25 m at Caribou Bog, Maine,
USA. Although this model accurately simulates s0 of
Comas and Slater’s [2004] calibration samples, the model
has not been widely evaluated and thus should only be
applied with some caution. For example, the model failed to
simulate conductivity measurements obtained by Slater et
al. [2007], possibly because the peat type looked at differed
substantially from the peat types studied by Comas and
Slater [2004].
1.3.2. Imaginary Conductivity
[11] The s00 is a measure of the storage of charge in the

electrical double layer that forms at the solid-fluid interface.
Unlike s0, which aggregates the electrolytic and surface
conduction into a single measure of conductivity (equation
(2)), s00 is a function solely of the interfacial surface. The s00

therefore offers an additional, more distinct, measure of the
structural attributes of a material than s0 and may improve
the distinction between different peat types. Although the
dependence of s00 on the structural attributes of different

peat soils has not been examined, the dependence of s00 on
the surface area per unit pore volume [Börner and Schön,
1991; Börner et al., 1996; Slater and Glaser, 2003] or the
effective grain size [Vanhala, 1997; Slater and Lesmes,
2002] has been well established within mineral soils, and
the approach has been applied within field investigations to
differentiate between lithologies not distinguishable with s0

[see, e.g., Slater and Lesmes, 2002]. However, s00 is also a
function of the surface charge density and surface ionic
mobility within the interfacial boundary [Lesmes and Mor-
gan, 2001], with their associated dependence on the pore
fluid composition and concentration [Slater and Lesmes,
2002]. Whereas the dependence of s00 on sw is minimal for
inorganic soils and sandstone [Lesmes and Frye, 2001], a
power law dependence of s00 on sw with an exponent �0.5
was identified for peat soils obtained from Caribou Bog,
Maine [Comas and Slater, 2004]. Therefore, changes in s00

cannot be attributed solely to structural variations, such as
the surface area per unit pore volume, in peat soils.
1.3.3. Complex Conductivity Surveys
[12] An electrical survey reconstructs the 2-D or 3-D

complex conductivity distribution of the subsurface from a
large number of four-electrode resistance measurements
(resistance being the reciprocal of conductance). Two elec-
trodes are used to produce an electrical circuit through the
peat, and a further two electrodes are used to measure the
potential difference that results from the current injection.
Complex conductivity surveys performed in the frequency
domain inject an alternating current between the electrodes
and measure the phase-shifted voltage relative to this
injected current. Measured currents and voltages are subse-
quently converted to an apparent complex electrical con-
ductivity by means of the ‘‘geometric factor’’ that accounts
for the spatial arrangement of the four electrodes. This
apparent complex conductivity is represented by the con-
ductivity magnitude, jsj, and phase angle, f (shift between
the injected current and measured potential):

s0 ¼ jsj cosf; ð4Þ

s00 ¼ jsj sinf: ð5Þ

The subsurface conductivity distribution is calculated by
finding the parameterization of a model of subsurface
complex conductivity that produces the best predictions of
the measured apparent complex conductivities. This process
of model parameterization is called inverse modeling.
[13] Surveys performed in the time domain measure the

polarization of the ground by abruptly stopping the injection
of current and measuring the subsequent decay in the
potential with time. The decay curve is integrated between
two points to provide a measure of polarization, the charge-
ability, which is dependent upon the measurement settings
of the time domain instrument. To allow inverse modeling
(‘‘inversion’’) of the complex conductivity, measured char-
geabilities can be converted into the frequency domain by
assuming proportionality between the chargeability and
phase angle. Proportionality between chargeability and
phase angles is both theoretically and experimentally well
established [e.g., Lesmes and Frye, 2001; Slater and
Lesmes, 2002], and the approach has been successfully
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applied to invert 2-D time domain data sets using complex
conductivity inversions [Slater and Binley, 2003, 2006]. In
comparison to the frequency method [see Binley and
Kemna, 2005], the approach produces scaled images of
s00, the proportionality constant being dependent on the
measurement settings of the time domain instrument. The
images thus obtained from the complex conductivity inver-
sion faithfully record the relative changes in phase and s00

within the subsurface (for details see Slater and Binley
[2003]).
[14] Low-resolution conductivity surveys (electrode spac-

ing 1.5–5 m) have been used to analyze the large-scale
stratigraphy of northern peatlands, notably, the identifica-
tion of the boundary between the peat and the underling
mineral sediment and suborganic soil lithology [Slater and
Reeve, 2002; Comas et al., 2004]. These surveys suggest
that s0 is horizontally uniform and may increase with depth
through the peat and that the s00 of the peat remains constant
in all spatial directions. However, spatial variations in the
peat properties will occur at a scale far smaller than that
which can be resolved from these large-scale measurements,
including at the scale of the different microhabitats dis-
cussed in section 1.1 (100–101 m). These small-scale spatial
variations in electrical properties of the peat will be aver-
aged by large-scale complex conductivity surveys. Varia-
tions in the real and imaginary conductivities associated
with changing peat structures across microhabitats have
therefore not previously been examined.

1.4. Aim

[15] Peat properties may show important variations in the
level of decomposition between different microhabitats. As
postulated in section 1.1, the resultant spatial variations in
peat permeabilities can be expected to affect the spatial
pattern of hydrological regimes, which in turn may affect
the patterning of vegetation. The aim of this study was to
test whether changes in the dielectric permittivity, identified
from ground-penetrating radar, or the real and imaginary
conductivities, identified from a complex conductivity sur-

vey, could identify differences in the physical properties of
peat formed under different microhabitats. If the methods
are successful in this respect, they will prove of enormous
value in future studies of the ecohydrological functioning of
peatlands, as noted at the end of section 1.1.

2. Experimental Design and Methods

2.1. Study Site

[16] The experimental work was carried out at Caribou
Bog, a 2200 ha peatland situated near Bangor, Maine, USA
(inset in Figure 1a). The study area was part of the largest of
three units that comprise the bog, the central unit. This unit,
which covers approximately 3.6 km2, has a topography and
stratigraphy characteristic of an eccentric bog [Davis and
Anderson, 2001], with peat thicknesses reaching 12 m in
places, and is characterized by sharp changes in vegetation
patterns and the presence of open pools [Comas et al.,
2005]. The area chosen for study comprised a wet Sphag-
num lawn and hollow surrounded by drier microhabitats
(Figure 1b). A 36 m transect (Figure 1) was constructed so
that it passed through the center of the lawn and hollow. The
first 16 m of the transect was in a relatively dry microhabitat
dominated by small hummocks with a high cover of shrubs
(Table 1). The next 12 m was through the lawn and hollow
with a high cover of Sphagnum mosses and a general lack
of shrubs, with the last 8 m in another relatively dry area
dominated by a spruce-tamarack thicket (Table 1). The site
was chosen because of the contrasting habitats; it was
thought that if the habitats had differences in their devel-
opmental histories [Belyea and Clymo, 2001], there might
be a clear contrast between the properties of the peats
formed under them, making the site suitable for testing
how well the different geophysical methods could detect
differences in peat type.

2.2. Ground-Penetrating Radar Survey

[17] GPR measurements were collected using a Sensors
and Software pulseEKKO system, with each measurement

Figure 1. Location of Caribou Bog and the study site.
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stacked 16 times to increase the signal-to-noise ratio.
Common offset measurements were collected with
200 MHz antennae, with an antenna separation of 0.5 m, at
intervals of 0.1 m along the transect. This frequency provided
a high measurement resolution while maintaining strong
signal strength through the studied peat profile. Minimal
processing was applied to the resultant GPR data. A time-
varying gain equalized the amplitude of reflections with
depth, accounting for the attenuation of the EM wave. A
‘‘dewow’’ filter removed low-frequency noise and a time
zero static correction was applied to correct for drift in the
position of the time zero between traces [Sensors and
Software, 1998; Jol and Bristow, 2003].
[18] CMP gathers were collected with 100 MHz antennae

at 8, 17, and 25 m along the transect (CMP1, CMP2, and
CMP3, respectively). The 100 MHz antenna provided the
necessary measurement depth to identify the peat-mineral
interface (at a depth of approximately 9–10 m), used as the
horizontal reflector to calculate the velocity, v, of the EM
wave (Figure 2). The choice of the location of the CMP
gathers was based on the distribution of wetter lawn and
hollow areas (CMP2 in Figure 3a) and the surrounding drier
microhabitats (CMP1 and CMP3 in Figure 3a). The average
v of the peat column from surface to mineral soil was
obtained by fitting the first arrivals of the reflected wavelet
corresponding to the mineral soil reflector with the normal
moveout hyperbola (or difference between travel time of the
EM wave between transmitter and receiver at a given
antenna separation) using a least squares routine [Neal,
2004].

2.3. Complex Conductivity Survey

[19] Electrical measurements were made using an array of
72 stainless steel electrodes spaced 0.5 m apart along the
transect. Each electrode was inserted through the surface
vegetation to a depth sufficient to ensure good electrical
contact with the main body of peat (tests showed that the

Table 1. Vegetation Along the Transect, Where the Data Represent Percentage Covera

Distance (m)

0–2 2–4 4–6 6–8 8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 24–25 25–27 27–29 29–31 31–33 33–36

Vascular plants
Carex sp. <1 <1 <1 <1 path
Chamaedaphne
calyculata

<1 3 2 7 1 3 5 9 10 10 20 30 path 4 1 7

Drosera rotundifolia <1 <1 <1 <1 path <1
Eriophorum
vaginatum

<1 <1 <1 1 3 path <1

Kalmia angustifolia 20 10 20 15 15 20 15 4 path <1 5 8 8 10
Kalmia polifolia <1 <1 <1 <1 <1 <1 <1 path <1 <1 <1 <1
Larix laricina <1 <1 2 path 8 20 20 15
Ledum
groenlandicum

1 2 2 1 <1 3 2 2 <1 <1 path <1 1 3 3 5

Picea mariana 2 2 8 3 4 8 30 30 <1 path 25 20 45 45 50
Rhododendron
canadense

path <1 <1 <1 <1

Rhynchospora alba <1 1 1 <1 path <1
Sarracenia purpurea path <1
Vaccinium
angustifolium

1 4 6 5 2 3 10 1 <1 path 15 15 15 15 10

Vaccinium oxycoccus <1 <1 <1 <1 1 <1 <1 path <1 <1 <1 <1
Mosses and liverworts

Mylia anomala <1 path 2 2 1
Polytrichum strictum <1 <1 <1 <1 <1 <1 <1 path
Sphagnum section
cuspidata

65 25 path

Sphagnum fuscum 30 25 50 35 35 40 35 5 path 1 30 35 35 30
Sphagnum
magellanicum

<1 <1 <1 <1 <1 1 <1 20 <1 2 2 <1 path 4 <1 7

Sphagnum rubellum 10 30 30 8 20 5 20 50 30 75 95 100 path 40 15 15 15 15
Lichens 40 25 10 35 35 35 20

aFor ease of presentation, data have been presented in 2 m blocks, although some boundaries in the field cut across these blocks (see Figure 1). Cover
was estimated to the nearest 1% if under 10% and to the nearest 5% if over 10%. Here <1 denotes that a species was present but with less than 1% cover.
Species names follow the nomenclature of Anderson and Crum [1981] and Scoggan [1978].

Figure 2. CMP data taken at CMP2 (Figure 3).
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contact resistance was less than 6 kW between any electrode
pair). Data were acquired using a Syscal Pro instrument.
The complex conductivity survey was performed in the time
domain, and measured chargeabilities were converted to the
frequency domain to allow inversion of the complex con-
ductivity (section 1.3.3). A total of 1039 independent
measurements were collected using a combination of four-
electrode configurations that provided a uniform sampling
of the top 
3 m of the peat along the length of the transect.
The choice of electrode configuration (i.e., geometrical
arrangement of the current injection pair and voltage mea-
surement pair) can exert a strong influence on the recon-
structed conductivity image. The electrode configuration
affects the spatial sensitivity of the reconstructed image (i.e.,
how the conductivity distribution of the subsurface image
changes in response to the measured resistances) and signal-
to-noise ratio. We used a configuration that ensures large
voltages (often by straddling the current injection pair),
which is critical to collecting reliable chargeability measure-
ments. The measurement quality was evaluated by collect-

ing a complete set of reciprocal data (i.e., an additional 1039
measurements), whereby the voltage and current electrode
pairs were interchanged (in theory, these measurements
should be identical, and the deviation is a robust measure
of the data quality [LaBrecque et al., 1996]).
[20] The three-dimensional current field was simulated

using a finite element (FE) model. The model assumed a
two-dimensional conductivity structure along the length of
the transect. This conductivity structure of the transect was
parameterized by minimizing an objective function com-
bining two terms: (1) the least squares, the weighted
difference between observed and predicted measurements;
and (2) a measure of solution complexity based on a second
derivative spatial filter. The two terms were weighted to
achieve consistency between simulated and observed mea-
surement errors, i.e., an Occam’s inversion [Constable et
al., 1987]. To perform the inversion, we utilized a complex
conductivity algorithm called CR2 (available from Andrew
Binley, Lancaster University) outlined by Kemna et al.
[2004] and Binley and Kemna [2005]. The sensitivity of

Figure 3. (a) CMP and pore water conductivity measurement locations. EM velocities presented above
each measurement location, in m ns�1, and pore water conductivities presented, in mS cm�1. (b) The von
Post classification of the peat from the six cores.
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the resulting complex conductivity image is depth-depen-
dent. Changes in the subsurface properties close to the
ground surface (near to the electrodes) have a larger effect
on the measured resistances than a similar change in
subsurface properties at depth. This reduced sensitivity
produces an increased smoothing of the complex conduc-
tivity image with depth that should be borne in mind in the
subsequent data analysis.

2.4. Ground Truthing: Topography, Stratigraphic
Survey and Specific Conductivity

[21] Microtopographical (10�2–100 m) variations of the
peatland surface along the transect line were measured using
a laser level and were expressed relative to an arbitrary
datum. Vegetation was mapped along a 3 m wide band
centered on the transect; that is, the vegetation 1.5 m on
either side of the transect line was characterized. All plant
species within this area were identified, and the surface
cover of each was visually estimated using quadrats. Vas-
cular plants were named according to Scoggan [1978],
while the nomenclature of mosses followed Anderson and
Crum [1981].
[22] To help interpret the data from the GPR and electrical

surveys, six cores of peat were extracted using a Russian
corer at distances of 8, 13, 21, 24, 25.8, and 28 m along the
transect line, each to a depth of 2.5 m (C1–C6 in Figure
3b). The peat from each core was classified using the von
Post scale [von Post and Granlund, 1926]. The von Post
scale involves in-the-hand assessment of the degree of
humification of peat and requires the classification of the
peat into 1 of 10 categories, with 1 representing fresh litter
and 10 representing intensely humified or decomposed peat
in which visible plant remains and structures are absent.
Where appropriate, note was also taken of visible plant
remains such as woody inclusions or whether the peat was
dominated by Sphagnum remains or sedges.
[23] Following the same criteria used for the CMP

measurements, the specific conductivity of pore water was
measured at distances of 8, 17, and 25 m along the transect
line as shown in Figure 3a. Pore water was sampled from
temporary piezometers with screens 10 cm long inserted at
each location and using a hand-operated pump, extracting
16 cm3 of pore water per stroke. Three to four specific
conductivity measurements with depth (surface, 1, 2,and 3 m
depth) were acquired using a Hach sensION5 conductivity
meter to investigate changes in fluid conductivity that could
potentially influence the complex conductivity. Because s0

is directly dependent on sw (equation (2)), electrical meas-
urements must account for any significant changes in sw.

3. Results

3.1. Vegetation and Stratigraphic Data

[24] The results from the vegetation survey are shown in
Figure 4a and Table 1. As noted in section 2.1, there were
three broad areas along the transect in terms of vegetation
cover. The first 13 m of the transect was dominated by small
hummocks (diameters of <1 m), formed mostly of Sphag-
num fuscum and S. rubellum. There was a high cover of
shrubs in this area, notably Kalmia angustifolia, and a
scattering of short (<5 m) trees, almost all black spruce
(Picea mariana). Bordering the hummock area and the lawn

and hollow (i.e., between 13 and 16 m) was a small spruce
thicket, after which there was an open area dominated by
Sphagnum. The hollow contained Sphagna of the section
cuspidata, while the surrounding lawn was dominated by S.
rubellum. The S. rubellum lawn gave way gradually to a
low-spreading hummock from about 21 m, which itself
gave way rather abruptly at 28 m to a spruce-tamarack
thicket (Picea mariana–Larix laricina) for the remainder of
the transect (to 36 m). The thicket contained some Kalmia
angustifolia and a relatively high cover of Sphagnum
fuscum and S. rubellum (Table 1).
[25] The core data (Figure 3b) showed a clear correspon-

dence with the vegetation in that there were distinct differ-
ences in the layering and degree of humification of the peat
between the drier microhabitats and the lawn and hollow.
The core taken in the lawn and hollow at 21 m had an upper
layer of 0.5 m of poorly decomposed Sphagnum remains, in
which individual Sphagnum plants could still be seen,
which was underlain to a depth of 0.95 m by slightly more
decomposed peat containing abundant Sphagnum and sedge
remains. There was then a sharp transition (<1 cm) to a
gelatinous peat that was largely amorphous with a high
degree of humification. No layering was evident in this
lower 1.55 m. A similar profile was evident in the core
taken in the low-spreading hummock at 24 m. However,
with this core the poorly decomposed peat containing
visible Sphagnum remains was confined to the upper
0.5 m; this was underlain by a watery layer between
0.5 and 0.95 m containing dark colloidal material that
then gave way abruptly to amorphous, gelatinous, highly
humified peat.
[26] C1 and C2 in the hummocky area and C6 in the

spruce-tamarack thicket were strikingly different from C3
and C4, with a more complicated pattern of layering and
more variety in degrees of humification of the different
layers (Figure 3). For example, there were at least 10
distinct layers of peat in C1 and C2. This layering probably
reveals switches in near-surface wetness and vegetation type
when the peat was being formed. For example, between
depths of 0.87 and 1.5 m in C2 there is a change from
moderately humified peat to strongly humified peat to
moderately humified peat again (from von Post scores of
5 between 0.87 and 1.07 m to 7–8 between 1.07 and 1.14 m
and to 6 between 1.14 and 1.5 m). These switches may
indicate autogenic changes in microhabitat disposition and
extent at the peatland surface or they may indicate external
forcing, with the less-humified peat forming during wetter
and cooler climatic conditions than the more humified peat.
Although C6 showed a similar level of complexity in terms
of its number and pattern of layers, its layers do not appear
to correspond to those of C1 and C2. Correlation between
the cores would require absolute dating of different layers,
but the evidence suggests that wet and dry episodes at the
different locations were, in part at least, independent of each
other.

3.2. Ground-Penetrating Radar Results

[27] The peat-mineral interface was clearly identifiable
within the CMP gathers (Figure 2), enabling accurate
determination of the first arrivals of the reflected wavelets
and therefore the accurate calculation of the EM wave
velocities. The EM wave velocity shows only a small
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variation between the different microhabitats (Figure 3a).
Drier microhabitats (CMP1 and CMP3 corresponding to
shrubby-lichen hummocks and a spruce-tamarack thicket,
respectively) show v values (plus or minus standard error of
the hyperbola regression) of 0.0359 ± 0.00044 and 0.0356 ±
0.00021 m ns�1, respectively, and contrast with lower v
(0.0346 ± 0.00028 m ns�1) in the wetter habitat (CMP2
corresponding to the wet Sphagnum lawn and hollow). The
difference in measured v between the different CMP loca-
tions can be attributed to the spatial variations in the peat
porosities, the entrapped biogenic gas content [cf. Comas et
al., 2008] and water table depth, with the associated
increase in v through the unsaturated zone.

[28] Common offset measurements along the transect are
presented in Figure 4b. The depths of the reflections in the
common offset measurements are calculated from a two-
layer velocity model. The EM wave velocity above the
water table was simulated using the CRIM model [see
Comas et al., 2004], assuming an unsaturated moisture
content of 0.25 [Hayward and Clymo, 1982], giving an
unsaturated v of 0.11 m ns�1. Beneath the water table, a
constant v of 0.0346 m ns�1 was assumed, obtained from
CMP2 within the wet Sphagnum lawn and hollow where the
water table depth was less than 0.05 m from the peat
surface. The two-layer velocity model assumed that the
water table depth remained at a constant datum along the

Figure 4. (a) Vegetation types along the west to east study transect. (b) Radar reflection profile from
common offset data acquisition. (c) Radar stratigraphic interpretation showing the dominant reflections
beneath the ground wave, superimposed upon the radar reflection profile. Reflections are classified into a
zone of continuous reflections to semireflections and a zone of chaotic reflections, marked by black and
light gray horizontal bands, respectively. Figures 4b and 4c also include the von Post classification of the
peat from the six cores.
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length of the transect; that is, the surface microtopography
was associated with variations in the depth of the unsatu-
rated zone, ranging from a minimum depth of 0 m within
the wet Sphagnum hollow to a maximum depth of 0.61 m
within the shrubby-lichen hummocks. The unsaturated v
and water table depths were used to calculate the necessary
topographic correction to align each trace so that the point
where the EM wave hits the water table (assumed to be at a
constant datum across the transect) occurs at a depth of
0.0 m. Although this topographic correction enables the
core data to be aligned with the GPR measurements, the
incorporation of the topographic corrections does introduce
image artifacts into common offset measurements. Notably,
the pattern of reflections below the peat surface does, in
part, follow the surface topography, specifically a distance
of between 0.0 and 14.0 m along the transect where the
surface topography is most pronounced. Such artifacts result
primarily from errors in the derived EM velocity within the
unsaturated zone.
[29] Assuming a ground wave velocity of 0.354 m ns�1,

an antenna frequency of 200 MHz, and an antenna separa-
tion of 0.5 m, the ground wave will influence the received
signal for up to 20 ns after the received air wave, to a depth
of 0.35 m in the GPR profile. Below this zone, the transect is
characterized by two distinctly different patterns of reflec-
tions. These areas are identified within Figure 4c as a zone of
moderately continuous reflections, marked by black bands,
and a zone of chaotic reflections, marked by light gray
bands. The zone of chaotic reflections correlates closely
with the location of the S. rubellum lawn. On the western
side of this zone, at a distance of 15 m along the transect, a
sharp vertical boundary (the horizontal transition occurs in
less than 1 m) exists between the two patterns of reflections.
This vertical boundary coincides closely with the transition
from the spruce hummock to the S. rubellum lawn. On the
eastern side, the boundary between the two reflection pat-
terns is sloping. At a distance of 20 m along the transect, the
boundary is at a depth of 1.0 m, increasing to a depth of 2.2 m
at a distance of 28 m along the transect. This transition zone
correlates with the change in the vegetation classification
from the S. rubellum lawn, through the spruce hummock, to
the spruce-tamarack thicket. At the top of the zone of chaotic
reflections, the transition from a pattern of semicontinuous
reflections to a pattern of chaotic reflections is marked by a
horizontal reflector at a depth of approximately 0.9 m,
between 19 and 24 m along the transect.
[30] While the pattern of reflections has been broadly

classified into two zones above, distinctive variations in the
reflection patterns are evident within both the zone of
moderately continuous reflections and the zone of chaotic
reflections. Within the zone of moderately continuous
reflections, the pattern of the reflections differs between
the shrubby-lichen hummocks and the spruce-tamarack
thicket. The reflections below the shrubby-lichen hum-
mocks are weaker with depth than below the spruce-
tamarack thicket. In addition, below the shrubby-lichen
hummocks, the reflections are parallel with a small but
distinctive easterly dip of approximately 1.5�. In contrast
beneath the spruce-tamarack thicket, the reflections are
divergent with a westerly dip in the reflections ranging
from 0� to 3�. Within the zone of chaotic reflections, the
pattern of reflections between 15 and 19 m contrasts with

the pattern of reflections between 19 and 24 m. Between 15
and 19 m, the reflections are more chaotic with a strong
variation in the direction and length of the reflections. In
comparison, between 19 and 24 m, the reflections are more
discontinuous.

3.3. Complex Conductivity Survey

[31] Reciprocal errors were analyzed to identify anoma-
lous measurements (a measurement pair with a larger than
expected reciprocal error). Here 254 erroneous independent
measurements were identified and discarded from the data
analysis. These measurements were discarded because ei-
ther the maximum measureable voltage of the IRIS Syscal
Pro was exceeded or the potential electrode pair included an
electrode that was used for current injection immediately
prior to its measurement. The latter showed a significant
increase in the reciprocal errors (p < 0.001). To find a
satisfactory parameterization of the FE complex conductiv-
ity model (CR2), the data weightings in the least squares
objective function, between the remaining measured and
simulated resistances (section 2.3), were calculated. These
weightings account for variations in measurement and
modeling accuracy between the different four-electrode
measurement arrays and influence the complexity (‘‘rough-
ness’’) of the resultant complex conductivity image. Al-
though reciprocal errors of each measurement were
obtained, they provide only a single estimate of the error
of each data point [LaBrecque et al., 1996]. In addition,
reciprocal errors do not account for errors in the FE model
(notably, the discretization errors in the FE model and the
assumption of a 2-D complex conductivity structure). We
therefore simulated the total resistance and chargeability
errors to provide a more accurate estimate of the total error.
We pooled all estimates of the reciprocal errors, calculated
the discretization error in the FE model, and explicitly
included an additional error term to account for errors in
the FE model. The reciprocal errors of the measured
resistances were low, with an average percentage error of
0.14%. The total simulated resistance error was thus low
and was assumed to be 0.9%. However, the total resistance
error showed significant variation between measurements,
ranging from 0.2 to 6.9%. The average reciprocal charge-
ability error was 4.1%, and the total simulated error was
5.4%.
[32] The real and imaginary conductivity transects are

presented in Figure 5 (data are presented on a log scale).
The real and imaginary conductivities vary spatially, both
horizontally and vertically. The real conductivity ranges
from 10 to 120 mS cm�1, and the imaginary conductivity
ranges from 0.032 to 0.5 mS cm�1. In the real conductivity
image, four regions are clearly identifiable (Figure 5b).
Region 1 is a low-conductivity area above the datum
(0.0 m, Figure 5), between 0 and 15 m and between 28
and 35 m along the transect. This low-conductivity zone
represents the unsaturated zone (datum denotes the water
table position). Region 2 is a zone of high-conductivity peat
at a depth of 0.0 to 0.6 m below the datum, delineated
between 0 and 15 m along the transect. There is evidence of
this zone continuing beyond 15 m but with a lower
conductivity than is evident between 0 and 15 m. Region
3 is a zone of low conductivity at a depth of 0.6 to 2.5 m
below the datum and occurred at a distance of 17–34 m
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along the transect. Region 4 represents the remainder of the
transect, composed primarily of the zone beneath region 2,
between 0 and 17 m along the transect. The conductivity of
region 4 is between that of the high- and low-conductivity
zones, regions 2 and 3, respectively. The imaginary and real
conductivities are correlated (R2 = 0.61 and p < 0.001). The
four regions identified above are, therefore, also evident
within the imaginary conductivity image (Figure 5d). How-
ever, region 3 in the imaginary conductivity image is more

concentrated between 17 and 25 m and does not extend up
to 35 m, as is evident in the real conductivity image.

4. Discussion

[33] The GPR and complex conductivity images show
strong spatial variations across the short transect analyzed in
this study. These spatial variations correspond with changes
in the surface vegetation associated with the different

Figure 5. (a) Vegetation types along the west to east study transect. (b) Transect of log10 s0 and (c)
interpretation of log10 s

0 transect into regions of varying conductivities. (d) Transect of log10 s
00. Figures 5b,

5c, and 5d each incorporate the von Post classification of the peat from the six cores. Note the different von
Post scale of Figure 5d as opposed to Figures 5b and 5c.
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microhabitats. We present a brief explanation of what may
be the dominant factors influencing this spatial variability in
the EM reflections and complex conductivity and identify
how these spatial variations relate to the different peat
properties as revealed by the stratigraphic survey. Finally,
we identify how information from the GPR and complex
conductivity and stratigraphic surveys combines to give us
clues to the developmental history of this part of Caribou
Bog.

4.1. Ground-Penetrating Radar

[34] GPR reflections occur where there is a boundary
between two zones of differing dielectric permittivities.
Within the peat, and below the water table, changes in the
dielectric permittivity occur primarily because of changes in
the volumetric water content which are caused by changes
in the porosity of the peat or its biogenic gas content. Both
of these attributes are likely to correlate with the changes in
peat type identified within the stratigraphic survey. However,
a direct comparison between the GPR and stratigraphic
surveys proved problematic. While reflections in the GPR
survey correlate with boundaries between different peat
horizons, reflections are also evident where no boundaries
were identified (Figure 4b). The poor correlation been the
GPR and the stratigraphic survey may in part result from the
low resolution of the GPR measurements when compared to
the dimensions of the identified peat horizons. The vertical
resolution of the GPR approach is often assumed to be equal
to one quarter to one half of the wavelength [Sheriff and
Geldart, 1982]. The peak frequency of the received signal
from the 200 MHz antenna was 115 MHz, giving a vertical
resolution of 0.08–0.16 m (assuming a velocity of 0.0354 m
ns�1) during the common offset measurement survey. With
peat horizons as thin as 0.05 m evident in the stratigraphic
survey (e.g., C3, 1.32–1.37 m), the identification of each
horizon from the common offset measurements is unfeasi-
ble. In addition, in the horizontal plane, the length of the
radar reflection footprint parallel to the transect, Fpar, is
equal to [Sensors and Software, 1998]

Fpar ¼
l
2
þ 2dffiffiffiffiffiffiffiffiffiffiffiffi

K � 1
p ; ð6Þ

where l is the peak wavelength, d is the depth, and K is the
dielectric permittivity. The length of the radar reflection foot
print perpendicular to the transect, Fperp, is equal to Fpar/2.
Assuming a dielectric constant of 71 (calculated from the
GPR wave velocity of 0.0354 m ns�1), at a depth of 1.5 m,
Fpar and Fperp equal 0.39 and 0.20 m, respectively. Although
the EM reflections identified within the common offset
survey vary substantially in length, many are less than 1 m
(Figure 4b). This complex 3-D pattern of small reflections,
relative to the size of the radar reflection footprint, will
further prevent individual peat horizons from being
extracted with any confidence. The comparison of the
GPR and stratigraphic surveys, therefore, focuses on
patterns in the EM reflections and how these correlate with
the stratigraphic data. The resolution of the GPR measure-
ments should be borne in mind in the subsequent
discussions.
[35] The complicated pattern of layering in C1, C2, C5,

and C6 correlate strongly with the zones of moderately

continuous reflections identified within the GPR survey.
The correlation between the pattern of reflections and the
horizons identified within the stratigraphic survey suggests,
as postulated above, that the changes in the humification of
the peat produce changes in the dielectric permittivity and,
thus, EM wave reflections. At a distance of 21 and 24 m
along the transect, the strong boundary between the poorly
decomposed peat (von Post scores of 3–6) and the zone of
strongly humified peat (von Post scores of 8, 9, and 10) is
marked by a strong linear reflection, and the zone of
strongly humified peat below coincides with the zone of
discontinuous reflections. The zone of chaotic reflections
between 15 and 19 m could not be sampled in the strati-
graphic survey because of the unstable nature of the surface;
the hollow lacked a thick, stable mat of Sphagnum. There-
fore, no direct evaluation of any change in peat structure is
available.
[36] In comparison to the traditional stratigraphic meth-

ods applied within this study, the GPR approach provides
less detailed information about the structures of the peat.
However, the stratigraphic survey is labor intensive and is
only able to provide point measurements of the peat profile.
In comparison, GPR provides valuable information about
the spatial extent of any structural variations. For example,
from the GPR survey it can be seen that the patterns of
reflections, and thus peat structure, coincide closely with the
different habitats. The area characterized by chaotic reflec-
tions is evident beneath the entire length of the Sphagnum
hollow. The pattern of parallel reflections between 0 and 15
extends beneath the entire length of the shrubby-lichen
hummocks, and the pattern of westerly dipping reflections
extends along the length of the spruce-tamarack thicket. In
addition, the zone of well-decomposed peat, identified
within C3 and C4, extends across the entire length of the
Sphagnum lawn.

4.2. Complex Conductivity Survey

[37] If the structural attributes of the peat significantly
influence the complex conductivity, spatial variations in s0

and/or s00 should correlate with the decomposition of the
peat identified within the stratigraphic survey. The strati-
graphic survey identified a zone of strongly humified peat
beneath the S. rubellum lawn (von Post humification scale
8–10). This zone of well-decomposed peat appears to
correspond with the area of low s0 (region 3, Figure 5b).
In addition, region 2, and its extension (Figure 5c), is
characterized by less decomposed peat, and region 4 is
characterized by a zone showing distinct layers of peat.
The s00 shows a similar correspondence with the strati-
graphic survey because s00 and s0 are correlated (R2 =
0.61, section 3.3). The only notable difference is that the
low s00 zone does not extend as far along the transect as the
low s0 zone (s00 increases at a distance of 26 m). The zone of
low s00 therefore correlates with the area of strongly
decomposed peat (von Post scores of 9–10; Figure 5d).
Although further stratigraphic data are required to verify the
link between the peat decomposition and the complex
conductivity, the measurements suggest that structural var-
iations may be identifiable from either s0 or s00. However,
the cause of the spatial variation in s0 and s00, and therefore
the cause of any link with peat decomposition, is unclear. It
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is uncertain whether the variation in complex conductivity
beneath the water table results from spatial variations in the
volumetric moisture content of the peat (either qeff or S), sw,
or the structural changes in the peat properties, specifically,
the surface area per unit pore volume. The possible influ-
ence of each of these peat properties on s* are discussed in
turn in sections 4.2.2–4.2.4. This discussion focuses on
identifying the cause of spatial variations in s0. Within peat
soils, the petrophysical understanding of s00 is less fully
understood than for s0, and the correlation between s0 and
s00 suggests that similar properties are responsible for the
spatial variation of each property.

4.2.1 Volumetric Moisture Content
[38] Beneath the water table, s0 may vary because of

changes in the peat saturation (because of entrapped biogenic
gas bubbles) and peat porosity (equation (2)). Whether these
properties make a significant contribution to the spatial
variation in s0 is now considered. The analysis below does
not identify whether any change in the structure of the peat
associated with the change in porosity, for example, an
increased pore surface area, affects s0. The effect of peat
structure is considered within section 4.2.3.
[39] If it is assumed that the peat properties are uniform

beneath the water table, i.e., that the variation in s0 results
only from a change in the saturation, the maximum entrap-
ped gas content necessary to produce the identified variation
in s0 can be approximated from equation (2). In accordance
with Slater et al. [2007], assuming n = 1.3 and sel � ssurf:

S ¼ s0
unsat

s0
sat

� �1:3

; ð7Þ

where s0sat and s0unsat equal the maximum and minimum
measured s0, respectively. To account for the measured
variation in s0, the saturation of the peat in the low-
conductivity zone (region 3) must equal 0.12. This is
unrealistically low. Laboratory measurements of the en-
trapped biogenic gas content suggest a minimum saturation
of, for example, 0.87 [Baird and Waldron, 2003].
[40] Without an approximation of m (equation (2)), the

spatial variation in the peat porosity necessary to produce
the identified variation in s0 cannot be identified. However,
variations in the peat porosities are of a similar magnitude to
changes in the biogenic gas content (minimum porosity of
0.8 [Boelter, 1969]). Because changes in the biogenic gas
content cannot account for the spatial variations in the
reconstructed s0, it appears improbable that variations in
the porosity can account for the identified variation in s0.
[41] Although variations in the volumetric moisture con-

tent of the peat, due to changes in either the saturation or
porosity, do not appear to account for the spatial variation in
s0, the volumetric moisture content of the peat cannot be
excluded as a significant source of variability. Without an
accurate parameterization of equation (2), or another mixing
model, the effect of spatial variations in the volumetric
moisture content cannot be accurately quantified. Most
notably, the assumption that sel � ssurf is unlikely for peat
soils.
4.2.2. Pore Water Conductivity
[42] Pore water conductivity affects s0 by altering sel and

ssurf (section 1.3.1). If variations in sel, resulting from
changing pore water conductivities, were the dominant
cause of spatial variations in s0, s0 and sw should be linearly
correlated (equation (2); assuming that ssurf is constant).
Measured pore water conductivities ranged from 26.2 to
43.5 mS cm�1 (n = 10) and were significantly correlated
with s0 (p = 0.03 and n = 10; Figure 6a). In addition, the
gradient of the relationship is not significantly different
from one, and the intercept is not significantly different
from zero. However, there is considerable scatter in the
relationship between sw and s0 (R2 = 0.47). Therefore,
variations in s0 may instead result primarily from variations
in ssurf and its associated dependence on the pore water

Figure 6. Comparisons of (a) s0 and sw, (b) s
00 and sw,

and (c) simulated s0 and s0. Thick line shows linear
regression; thin line marks 1:1 relationship.
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conductivity. Equation (3), parameterized with the measured
pore water conductivities and reconstructed values of s00,
predicts that sel accounts for only 23% ±3 (mean plus or
minus standard deviation) of s0 at the study site, i.e., that
ssurf is the dominant conduction pathway. The s00 and sw are
linearly correlated (p = 0.03 and n = 10; Figure 6b);
however, considerable scatter is again evident in the rela-
tionship (R2 = 0.47). It therefore appears probable that
variations in s0 result from variations in both electrolytic
and surface conduction. The dependence of sel and ssurf on
the pore water conductivity has been presented by Comas
and Slater [2004] (equation (3)). Reconstructed and mod-
eled (equation (3)) s0 were significantly correlated (p =
0.018 and n = 10) and account for a higher proportion of the
variability in the reconstructed s0 (R2 = 0.56) than either s0

or s00 alone. However, equation (3) provides a poor simu-
lation of absolute values of the reconstructed s0, even
though the calibration samples used to parameterize equa-
tion (3) were obtained from Caribou Bog [Comas and
Slater, 2004]. Simulated s0 was on average 54% lower than
the reconstructed s0, and the gradient of the relationship was
significantly different from 1.0, with the model underesti-
mating the measured variation in s0. However, Comas and
Slater [2004] presented only a small number of measure-
ments of ssurf and s00 at low pore water conductivities. In
addition, their measurements were conducted on a limited
number of peat types from Caribou Bog. Therefore, the
importance of ssurf on s0 and its dependence on sw at low
pore water conductivities remains unclear.
4.2.3. Structural Changes in the Peat Properties
[43] Measurements suggest that sw has an important

influence on the spatial variation in s0 (section 4.2.2).
However, it appears probable that the pore water conduc-
tivity was not the only property that significantly influenced
s0. First, considerable scatter is evident in the relationship
between modeled and measured s0. Second, only a limited
number of sw measurements were obtained across the
transect, and no measurements were taken within the
high-conductivity zone (region 2). It is uncertain whether
there could be a zone of high pore water conductivity at a
depth of 0.3 m, at a distance of 8 m along the transect, three
times the pore water conductivity at a depth of 1.6 m.
Changes in s0, associated with changing sw, may therefore
be enhanced by spatial variations in the peat properties. For
example, higher surface areas or improved interconnectivity
of the electrical double layer within certain peat types may
enhance surface conduction. However, to identify whether
additional peat properties have a significant influence on s0,
further data are required to better quantify the magnitude of
scatter in the relationship between s0 and sw.
4.2.4. Imaginary Conductivity
[44] The identified variation in s00 and the correlation

between s0 and s00 can be explained by a spatial variation in
either the pore water conductivity or the peat structure. At
low pore water conductivities, sw alters the charge density
within the electrical double layer, increasing s00 [cf. Comas
and Slater, 2004], while an increased surface area per unit
pore volume has been widely shown, at least in mineral
soils, to increase s00 (section 1.3.2). Therefore, the recon-
structed s00 cannot clarify whether changes in peat proper-
ties, and the associated variation in surface conduction, has
a significant influence on s0, and it cannot be used as a

direct measure of changing peat properties. However, unlike
s0, s00 is a function solely of the interfacial surface and does
not directly depend on sel. Therefore, if changing peat
properties do significantly influence the complex conduc-
tivity, their influence should be more clearly apparent from
the reconstructed s00. The improved correspondence be-
tween s00 and the stratigraphic survey (notably the zone of
humified peat, region 3) does suggest that changes in the
peat properties could be having an additional influence on
the complex conductivity. In addition, the zone of low s00

below the lawn is also more consistent with the size and
shape of the zone of chaotic GPR reflections (section 3.2),
suggesting that s00 is being controlled more significantly by
peat structure. This is most evident on the eastern side of the
zone of low s00. The boundary between the zone of high and
low s00 is more consistent with the boundary between the
chaotic and moderately continuous GPR reflections than
with the boundary between the low and high s0. The exact
cause of the spatial variation in s*, therefore, remains
uncertain. However, the measurements suggest that it results
primarily because of combined changes in both the pore
water conductivity and the peat structure.

4.3. Peatland Development

[45] The stratigraphic survey identified different, appar-
ently unconnected peat profiles with different developmen-
tal histories. The GPR and complex conductivity surveys
have enabled these stratigraphic measurements to be ex-
trapolated along the length of the transect to produce a fully
2-D image of the peat profile. The switches in peat type
evident across the length of the hummocky area and the
spruce-tamarack thicket suggest wetter and drier phases and
wholesale changes in microhabitat. The peat below the lawn
consisted of two basic types: upper poorly decomposed peat
underlain by gelatinous, strongly decomposed material,
with a sharp boundary between the two. The lower gelat-
inous peat is likely a pool infill, with the pool becoming
overgrown by Sphagnum more recently to form a lawn and
hollow. Without dating of the peat at various depths below
the different microhabitats it is difficult to reconstruct the
appearance of the peatland in the past. However, it seems
that the area currently occupied by the lawn and hollow was
a pool for a considerable period of time (thousands of years)
during which the surrounding peatland increased in eleva-
tion and underwent numerous switches in microhabitat
(shown by the layers in C1, C2, and C6). At the same time
organic muds, dy or gyttja [cf. Rydin and Jeglum, 2006,
p. 78], built up in the base of the pool, consolidating to form
gelatinous ‘‘peat’’ (strictly, peat is a sedentary deposit,
whereas dy and gyttja are sedimentary deposits [cf. Rydin
and Jeglum, 2006, p. 78]; however, for simplicity, the
gelatinous material at the base of the cores from the lawn
has been referred to as peat). Interestingly, the pool appears
to have been asymmetric, as reported for bog pools studied
elsewhere [cf. Belyea and Lancaster, 2002], with a steep or
vertical western margin and a sloping eastern margin, the
latter allowing Sphagnum to colonize as a mat which has
built in thickness to give the poorly decomposed near-
surface peat. That the geophysical data show clearly the
asymmetric form of the pool and the bulk contrasts between
the Sphagnum mat and the dy or gyttja and between the
pool peat profile and the profile of peat in the microhabitats
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to the west and east suggests that GPR and complex
conductivity surveys have considerable potential for helping
us reconstruct peatland developmental history.

5. Conclusion

[46] We sought to determine whether ground-penetrating
radar and complex conductivity can be used to map sub-
surface structures within peat deposits in detail over large
areas. These approaches revealed spatial variation in the
pattern of EM reflections and the real and imaginary
conductivities of the peat along the study transect.
[47] The spatial pattern in the EM reflections correlated

strongly with the pattern of peat humification obtained from
the stratigraphic survey. For example, the location where C3
was extracted, which was composed of strongly humified
peat at depths of 0.95 to 2.5 m, was characterized by a
pattern of weak and sporadic reflections. The correlation
between the stratigraphic and GPR surveys enabled the
spatial extent of the differing peat profiles to be identified.
This highlighted a strong correlation between the surface
habitat and the peat profile. Notably, the hummocky area
and the spruce-tamarack thicket were both underlain by a
complicated layered profile with varying degrees of humi-
fication, suggesting wholesale changes in the microhabitat
during the development of the bog. In comparison, the
Sphagnum lawn was underlain by two principal peat layers
which are consistent with a pool becoming infilled with dy
or gyttja and then being overgrown by Sphagnum.
[48] The conductivity measurements highlight spatial

variations in s0 and s00 along the transect. Comparison with
the stratigraphic survey suggests that the approach may
have potential for the mapping of spatial variations in the
properties of the peat. However, it is currently unclear how
the spatial variations in the geophysical measurements
correspond to the physical properties of the peat, although
the results suggest that the pore water conductivity and the
peat structure are the primary properties affecting the
complex conductivity. The future application of the com-
plex conductivity approach within peatland studies, there-
fore, requires the detailed parameterization of petrophysical
relationships so that the exact cause of these spatial patterns
can be identified. The spatial variation in s0 and s00

identified here between the differing peatland habitats
should act as a driver for this future development.
[49] Despite these problems, the geophysical methods

showed considerable promise in being able to identify
subsurface features in the peat deposit, such as the infilled
pool, and the multiple layers of contrasting peat types under
the drier microhabitats. In addition, the methods allowed the
horizontal continuity of such features to be mapped. When
used to complement traditional stratigraphic surveys, such
information will provide the data which are needed for the
testing of peatland development and peatland ecohydrolog-
ical models.

Notation

A constant, dimensionless.
b constant, dimensionless.
C constant, dimensionless.
d depth, m.

Fpar horizontal footprint length parallel to transect, m.
Fperp horizontal footprint length perpendicular to

transect, m.
i

ffiffiffiffiffiffiffi
�1

p
.

K dielectric permittivity, dimensionless.
m cementation factor, dimensionless.
n saturation exponent, dimensionless.
S saturation, dimensionless.
v EM wave velocity, m ns�1.

qeff effective porosity, dimensionless.
f phase angle, radians.
l peak wavelength, m.

s* complex conductivity, S cm�1.
s0 real conductivity, S cm�1.
s00 imaginary conductivity, S cm�1.

s0sat saturated real conductivity, S cm�1.
sel electrolytic conduction, S cm�1.

ssurf surface conductivity, S cm�1.
s0unsat unsaturated real conductivity, S cm�1.

sw pore fluid or pore water conductivity, S cm�1.
jsj conductivity magnitude, S cm�1.
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