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Abstract The mechanisms that control free phase gas (FPG) dynamics within peatlands, and therefore
estimates of past, present, and future gas fluxes to the atmosphere remain unclear. Electrical resistivity
imaging (ERI) is capable of autonomously collecting three-dimensional data on the centimeter to tens of
meter scale and thus provides a unique opportunity to observe FPG dynamics in situ. We collected 127 3-D
ERI data sets as well as water level, soil temperature, atmospheric pressure, and limited methane flux data
at a site in a northern peatland over the period July–August 2013 to improve the understanding of mecha-
nisms controlling gas releases at a hitherto uncaptured field scale. Our results show the ability of ERI to
image the spatial distribution of gas accumulation and infer dynamics of gas migration through the peat
column at high (i.e., hourly) temporal resolution. Furthermore, the method provides insights into the role of
certain mechanisms previously associated with the triggering of FPG releases such as drops in atmospheric
pressure. During these events, buoyancy-driven gas release primarily occurs in shallow peat as proposed by
the ‘‘shallow peat model.’’ Releases from the deeper peat are impeded by confining layers, and we observed
a large loss of FPG in deep peat that may likely represent a rupture event, where accumulated FPG escaped
the confining layer as suggested by the ‘‘deep peat model.’’ Negative linear correlations between water
table elevation and resistivity result from hydrostatic pressure regulating bubble volume, although these
variations did not appear to trigger FPG transfer or release.

1. Introduction

Methane (CH4) is the third most abundant greenhouse gas in the atmosphere but has 34 times the heat
trapping potential of water vapor [Forster et al., 2007]. Wetlands, and peatlands in particular, are major sour-
ces of CH4 and account for approximately 22% of the global CH4 flux to the atmosphere [Stocker et al.,
2013]. In addition, global warming is anticipated to further stimulate CH4 production from these ecosys-
tems, creating a positive feedback loop [Bridgham et al., 2013].

Despite the known significance of wetlands with respect to climate change, the 2013 Intergovernmental
Panel on Climate Change report [Stocker et al., 2013] states that confidence in modeled CH4 flux from wet-
lands remains low, owing to a lack of observational data sets for calibration of process-based models [i.e.,
Hodson et al., 2011; Ringeval et al., 2011; Spahni et al., 2011]. The spatial and temporal variability in CH4 pro-
duction, transport, and release within these wetlands also remains poorly constrained [Papa et al., 2010].

CH4 is produced in peatlands primarily by microbes and is released to the atmosphere through diffusion,
transport through vascular plants, and/or rapid ebullition (bubbling). The overall CH4 produced by these
microbes and the subsequent release to the atmosphere are controlled by a number of biological and envi-
ronmental factors. A considerable body of research has been dedicated to linking these factors to CH4 flux
in order to understand the current and future response of peatlands to climate change. Walter and Heimann
[2000] developed a process-based model for estimating methane emissions from wetlands that includes dif-
fusion, transport, and ebullition mechanisms. However, this model lacks a bubble dynamics component. In
order to better understand the relationship between bubble dynamics and ebullition, there is a need for
observational data sets at high spatiotemporal resolution.
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Direct chamber-based measurements of CH4 fluxes typically have a small (< 1 m2) footprint that may not
be suitable for upscaling, whereas eddy covariance systems integrate over a much larger area but may not
have the required resolution to capture short-term ebullition events, which can episodically release a large
amount of CH4 over a short time period [Rosenberry et al., 2006]. In a recent study, Gålfalk et al. [2015] devel-
oped an optimized infrared hyperspectral imaging system capable of photographing CH4 at the sub-m2

scale that offers great promise to bridge-scale differences between chamber measurements and eddy
covariance systems. In a laboratory study of a peat monolith, Yu et al. [2014] recorded 926 ebullition events
lasting minutes to hours, which released CH4 at a rate of 212.2 6 44.3 mg m22 d21 during a single event.
Glaser et al. [2004], relying on peat deformation and hydraulic head measurements, calculated a loss of
130 g m22 of CH4 over three individual ebullition events believed to originate deep (>4 m) in the peat pro-
file during the late summer from the Glacial Lake Agassiz peatlands (GLAP) in Northern Minnesota. This
result, when averaged over an entire year, is an order of magnitude larger than the diffusive rate based on
seasonal chamber measurements from the same site [Chasar, 2002].

Such results and the observations of others [Chanton et al., 1995; Chasar, 2002; Chasar et al., 2000a,b; Crill
et al., 1988, 1992; Romanowicz et al., 1993, 1995; Rosenberry et al., 2003; Siegel et al., 2001] formed the basis
for the so-called ‘‘deep peat model’’ [Glaser et al., 2004]. This model stresses extensive CH4 production in
‘‘hotspots’’ within the most anaerobic deep peat (> 3 m) [Siegel et al., 2001] due to readily available labile C
substrate transported from above. When equilibrium is disrupted, such as by changes in atmospheric pres-
sure [Comas et al., 2011a], gas migrates upward due to increased buoyancy. Gas bubbles that are trapped
under confining layers are episodically released in large concentrations when confining forces are exceeded
by buoyancy forces associated with bubble expansion during abrupt drops in atmospheric pressure [Rose-
nberry et al., 2003; Glaser et al., 2004]. However, increases in atmospheric pressure have also been correlated
with increased fluxes in deep parts of the peat column in northern systems and in shallow peat along sub-
tropical systems [Comas et al., 2011a, Comas and Wright, 2014].

The ‘‘shallow peat model’’ proposed by Coulthard et al. [2009] instead suggests that most biogenic gas pro-
duction, and particularly CH4, likely occurs in the shallow (<1 m) anaerobic zone, driven by higher summer
temperatures [Dunfield et al., 1993], more abundant labile C [Moore and Dalva, 1993], and trapped bubbles
acting as nucleation sites for CH4 during water table rise [Beckwith and Baird, 2001]. This model holds that
FPG buildup and episodic ebullition are common in the shallow peat, and may contribute more to FPG flux
than less frequent ebullition events from deep layers. Coulthard et al. [2009] base their model on the large
body of literature on methane production and bubble formation in shallow peat [e.g., Baird et al., 2004;
Beckwith and Baird, 2001; Christensen et al., 2003; Comas and Slater, 2007; Kellner et al., 2006; Laing et al.,
2008; Str€om et al., 2005; Tokida et al., 2005]. However, they stress that improved direct observation of deep
FPG dynamics is required to confirm the relative importance of deep peat to ebullition.

Geophysical methods provide a unique opportunity to study three-dimensional FPG dynamics below the
peat surface at spatial scales ranging from centimeters to tens of meters. Measurements can be made non-
invasively, without disturbing the internal structure of the peat and therefore altering the naturally existing
gas dynamics. In contrast, direct measurements made by installing wells or inserting probes into peat can
immediately create a vent for gas to escape and potentially leave a preferential flow pathway for gas to
migrate along thereafter [Rosenberry et al., 2006]. Ground penetrating radar (GPR) has been extensively
employed as an indirect and minimally invasive methodology for determining temporal variations in FPG
content in peatlands [Comas et al., 2005, 2011a; Parsekian et al., 2010, 2011; Strack and Mierau, 2010] at both
laboratory and field scales. Here ‘‘minimally invasive’’ implies that although there is some disturbance to the
peat surface from walking over it with antennas, no disturbance of the internal structure of the peat is nec-
essary. GPR wave velocities are very sensitive to moisture content, and can hence be used to qualitatively
and semiquantitatively assess changes in FPG content [Comas et al., 2008]. As previously mentioned, the
minimally invasive nature of GPR offers a critical advantage when seeking to avoid disruption of the natural
FPG dynamics within peatlands. However, GPR is not ideal as a long-term monitoring tool as it is not readily
automated, particularly at the field scale.

Electrical resistivity imaging (ERI) is another minimally invasive geophysical technique that potentially can
be used to indirectly monitor FPG in peat, as the degree of saturation (and therefore amount of gas) influen-
ces the bulk resistivity of the peat. Unlike GPR, which relies on field operators to acquire subsequent data
sets, ERI can be completely automated to collect time-lapse 3-D data [e.g., Daily et al., 2004; Singha et al.,
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2014, for review]. Two laboratory studies have previously highlighted the potential of ERI for assessing FPG
dynamics in peat. Slater et al. [2007] demonstrated the utility of electrical imaging to monitor time-lapse
changes in gas content in a single laboratory peat monolith and Kettridge et al. [2011] extended this
approach to study biogenic gas dynamics in several peat cores reflecting different peat types and meteoro-
logical conditions. Both these laboratory studies concluded that a quantitative assessment of FPG content
and/or flux is unrealistic using ERI, but that this technique is effective at capturing changes in gas content in
peat and for inferring the mechanisms driving these changes. However, a field-scale application of this
approach has not yet been undertaken.

In this study, we report on the first attempt to apply time-lapse ERI to monitor biogenic gas dynamics at the
field scale. Time-lapse ERI data sets are compared with a shorter duration set of direct high temporal resolu-
tion measurements of CH4 flux to further evaluate the driving forces behind FPG dynamics and ebullition.
We show how ERI data sets provide valuable insights into the processes regulating CH4 bubble transport
and ebullition at a unique spatial-scale hitherto unachieved with other investigation techniques. Our results
give large-scale information on the role of atmospheric pressure and water levels variations on gas release
and demonstrate that major episodic ebullition events associated with large pressure drops are clearly asso-
ciated with changes in gas content throughout the peat profile. These results also offer clear insights into
the relative importance of shallow versus deep sources of CH4 releases via ebullition release regulated by
atmospheric pressure and water level. Our analysis supports the shallow peat model in that the release of
gas from the upper meter of peat appears to be more common than below 1 m. However, ERI data from
this study also support the deep peat model as we witnessed one large ebullition event originating from
deep peat below a woody layer. This work has implications for better understanding how climate-induced
changes in pressure, rainfall, and temperature may increase greenhouse gas release from peat soils.

2. Background

2.1. Electrical Resistivity Imaging (ERI)
ERI surveys involve driving a known current (normally using a modified low-frequency square wave)
between two electrodes and measuring the potential difference between other pairs of electrodes at multi-
ple locations. Raw ERI data thus consist of transfer resistances, which are simply the potential differences
divided by the injected current (Ohm’s law). In a homogenous medium, resistivity can be computed analyti-
cally using the positions of the electrodes and the transfer resistance. Heterogeneous resistivity distributions
require inverse methods to arrive at a solution (see Binley and Kemna [2005] for further details). Historically,
ERI was primarily used for geologic characterization and natural resource exploration, but application of ERI
to study near-surface dynamic processes via time-lapse imaging is now well established (see Singha et al.
[2014] for a recent review). Electrical resistivity has been used as a proxy for time-varying parameters of
interest including moisture content [Binley et al., 2002], salinity [Hayley et al., 2009], and temperature [Kraut-
blatter and Hauck, 2007]. Well-established petrophysical relations link resistivity to certain physical and
chemical properties of the pore space. As we will discuss, however, it is often impossible or impractical to
establish such a link under field conditions.

The measured bulk resistivity (1/conductivity) of a metal-free soil consists of the combined effects of elec-
trolytic conduction (ions in the solution filling the interconnected pore space) and surface conduction (ions
in the electrical double layer at the walls of the connected pores) pathways, which add in parallel. Ignoring
surface conduction, the resistivity of a soil (qsoil) can be modeled using Archie’s law for unsaturated
sediments,

1
qsoil

5rel5 /intð ÞmSnrw ; (1)

where rel is the electrolytic conduction pathway representing the flow of current through ions in the pore
fluid, /int is the interconnected porosity, S is saturation, rw is the conductivity of the pore fluid, m is the
‘‘cementation’’ factor which depends on pore structure and tortuosity, and n is the saturation exponent
describing the distribution of air in pore spaces and is dependent on soil type.

Archie’s law may be poorly parameterized for organic soils, and alternative formulations linking resistivity to
the soil property of interest may be needed. Archie’s law assumes (1) no surface conduction, which will
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certainly be violated in organic soils of large surface area saturated with pore fluids of low ionic concentra-
tions as is typical of ombrotrophic bogs, and (2) a nonconducting soil matrix, which may also be violated in
organic sediments as there is evidence for electronic conduction occurring across organic particles them-
selves [Comas and Slater, 2004]. In addition, peat soils exhibit a strong dependence of /int on rw [Comas
and Slater, 2004] likely due to pore dilation resulting from the flocculation of organic acids on macropore
surfaces [Ours et al., 1997]. Comas and Slater [2004] found an empirical power law relationship linking qsoil

to surface conductivity and rw .

Slater et al. [2007] used a time-lapse inversion approach to highlight changes in resistivity that they associ-
ated with changes in S due to biogenic gas production, gas transport, and subsequent release from peat
soils. While resistivity values were corrected for changes in rw , Slater et al. [2007] assumed negligible surface
conduction effects and insignificant temporal changes in the Archie exponents m and n to use the follow-
ing relationship,

S5
h
/

5
/2FPGð Þ

/
5

q unsat½ �
q sat½ �

" #21=n

; (2)

where h is the water content, / is the total porosity, FPG is free phase gas content, and q unsat½ � and q sat½ � are
the resistivity of the soil in unsaturated and completely saturated conditions, respectively. Time-lapse resis-
tivity was thus related to relative changes in FPG content through comparison of their ratios,

qrat5
qsoil;t

qsoil;0
5

/t2FPGt

/02FPG0

� �2n

; (3)

where qrat is referred to as the ratio resistivity, qsoil;0, /0, FPG0, qsoil;t , /t , and FPGt are the resistivity, poros-
ity, and free phase gas content of the soil at time 0 and t, respectively. In the Slater et al. [2007] study, poros-
ity variations were monitored through elevation rod measurements, while n and FPG0 values were
estimated from a parallel block experiment [Comas and Slater, 2007].

Controlled laboratory conditions allowed quantification of FPG in the study of Slater et al. [2007], but it is
likely impractical to establish any such quantitative link between resistivity and gas content in the field.
Application of equation (3) at the field-scale requires spatiotemporal information on the variation of poros-
ity, the saturation exponent, and an initial estimate of the free phase gas content. Estimation of FPG0

through evaluation of equation (1) in turn requires information on interconnected porosity, the cementa-
tion exponent, and pore water conductivity. An assumption that surface conduction effects are negligible
and that the peat matrix acts as a pure insulator is also needed. Given these limitations, we restrict our anal-
ysis to ratio resistivity, and abandon the idea of quantitatively predicting gas content/changes from the
images. Johnson et al. [2012] stress the utility of geophysics, and ERI in particular, for capturing the inherent
hydrogeological responses within geophysical data without the need to explicitly reconstruct hydrogeologi-
cal properties from the geophysical data. Following their lead, we use ERI to capture spatiotemporal dynam-
ics of gas releases as a function of environmental forcing without attempting to estimate physical
properties given the likely futility of the approach in such an electrically complex porous medium. We rec-
ognize that peat is a highly compressible material whose physical properties may vary through time and
that we cannot necessarily attribute all changes in ERI data to changes in gas content. However, we assume
these changes are negligible in our case when considering the scale difference between our gas content
estimates, which are based on the entire thickness of the peat column (over 6 m thick within our study
area), and typical changes in vertical deformation due to matrix contraction and expansion (i.e., only as high
as 0.02–0.03 m for shallow portions of the column as recorded from other studies at the same peatland unit
[Comas et al., 2011a]).

2.2. Time-Lapse Inversion of ERI Data
Inverse methods are needed to estimate the distribution of model parameters from boundary observations.
This problem is ill posed for ERI data where many resistivity distributions may satisfy the data. We used R3t
(Andrew Binley, Lancaster University) to invert the ERI data. In R3t, forward data are numerically simulated
by evaluating the 3-D Poisson equation using the finite element method. For inversion, R3t iteratively mini-
mizes an objective function of the general form,
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Wtotal5Wd1aWm; (4)

where Wd is the data misfit, Wm is the model misfit, and a is a regularization term penalizing departure from
a starting model. At each iteration, model parameters (resistivity of mesh elements) are updated through a
Gauss-Newton approach, with a optimized through a line search at each Gauss-Newton iteration. Conver-
gence is gauged by the root-mean-squared error of the data misfit normalized by a user-supplied estimate
of the data error. It is therefore critical to supply quantitative estimates of the errors in the field data to the
inversion routine to avoid overfitting or underfitting the data which can result in image artifacts unrelated
to the subsurface resistivity structure [LaBrecque et al., 1996]. For more information on the theory of inverse
methods for ERI, see Binley and Kemna [2005].

Although it is possible to simply compare resistivity images postinversion through division or subtraction,
time-lapse ERI data can be ‘‘differenced’’ prior to inversion to enhance the sensitivity of the inverse proce-
dure to changes in the data [Labrecque and Yang, 2001]. Changes in resistivity are highlighted through this
approach by modification of data input into the inverse routine,

ddiff ;i5di1df 2d0; (5)

where ddif f ;i are the differenced resistance data, di are the observed data, d0 are the resistance data from a
reference data set in time, and df are theoretical resistances for a forward model for that reference data set.
Here the subscript i refers to the time index of each data set. Following standard rules of error propagation,
the total errors ei required to weight each measurement in the inversion appropriately are then,

ediff ;i5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ei

21ef
21e0

2
p

; (6)

where edif f ;i are the errors put into the difference inversion, ei are observed data errors, ef are the forward
modeling errors (calculated through forward modeling of a 100 ohm m homogeneous medium), and e0 are
the errors for the background data set. The absolute percent differences between the data computed in R3t
for a homogenous medium and the analytically calculated transfer resistances for the same homogeneous
medium are multiplied by ddif f ;i and used as ef .

2.3. Analysis of ERI Time Series
Comprehensively representing the information content in large time-lapse ERI data sets can be challenging
given that it is impractical and often not informative to present a large number of images (in this study,
there are 127 raw data sets). Singha et al. [2014] outline several strategies for analyzing time series ERI data.
Johnson et al. [2012] investigated correlations, cross correlations, and time lag to maximum correlation
between the resistivity time series at individual voxels (different spaces in the modeled domain) and envi-
ronmental variables to derive hydrologic information on controls on groundwater-surface water exchange.
We adopt a similar approach to help draw out information on the environmental parameters driving varia-
tion in FPG content in peat.

Linear correlations can be calculated using Pearson’s correlation coefficient, r.

For convenience of discussion, we employ the following nomenclature for describing the strength of r: 0.0
� jrj < 0.1 5 none, 0.1 � jrj < 0.4 5 weak, 0.4 � jrj < 0.7 5 moderate, 0.7 � jrj < 1.0 5 strong.

3. Methodology

3.1. Study Site: Caribou Bog, Maine
Caribou bog is a 2200 ha multiunit ombrotrophic peatland in central Maine. The central unit of the bog
wherein this study was performed lies between Pushaw Lake and the Penobscot River, and features a
well-developed pattern of pools and raised bog complexes [Davis and Anderson, 1999]. Using a combina-
tion of direct measurements and indirect geophysical measurements, Slater and Reeve [2002] and Comas
et al. [2011b] identified the peat layer of the bog as having a variable thickness of less than 12 m in most
locations, overlying a discontinuous layer of organic-rich lake sediment exceeding 5 m in certain areas
[Comas and Slater, 2004]. The underlying mineral basement consists of the Presumpscot Formation; a
glacio-marine silt-clay layer overlying glacial till resulting from erosion of bedrock during the Pleistocene
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[Bloom, 1963]. The bedrock consists of metamorphosed middle Ordovician to middle Devonian material
[Osberg et al., 1985].

This study focuses on an area within the Central unit of Caribou bog vegetated primarily with small-leaved
Sphagna including Sphagnum capillifolium (Ehrh.) Hedw. and Sphagnum fuscum (Schimp.) Klinggr. This par-
ticular site was chosen as part of a larger research project investigating FPG dynamics as a function of land
cover type, including: pools, shrub, and wooded heath (this study). Overlying the Sphagna are several low
ericaceous shrubs, mainly Chamaedaphne calyculata (L.) Moench. A few isolated tall evergreen trees are also
present outside the footprint of the ERI survey.

3.2. Field Implementation of ERI
A schematic of the ERI monitoring array and associated sensors is shown in Figure 1, and Table 1 is a sum-
mary of these data along with estimated sampling volume, spatiotemporal resolution, and accuracy/preci-
sion. Automated ERI data collection used an IRIS Syscal Pro Switch resistivity instrument with two solar
circuits to power a transmitter and a receiver/field computer. Complete data sets were collected from 4 July
2013 to 28 August 2013 for a total of 127 time-lapse data sets with a minimum time step of 2 h and an aver-
age of 10 h between them. The system employed 72 stainless steel electrodes that covered a 28 by 10 m
area. Electrodes were arranged in eight lines with 1.25 m within line spacing and variable spacing (3.5–5 m)
between lines to accommodate other instrumentation. The measurement scheme consisted of a nonstan-
dard dipole-dipole array, with an intradipole (a) spacing of 1 and 8 electrodes, and an inter-dipole spacing
(na) from 1 to 68 electrodes for a total of 2184 unique measurements at each data collection time. Given
the total size of the ERI array (28 m by 10 m), the maximum distance between dipole centers is 27.8 m.
Using the common convention of estimating pseudodepth for dipole-dipole arrays by the intersection of
458 lines drawn down from the dipole centers, this equates to an investigation depth of 13.9 m. This depth
is likely quite exaggerated. Therefore, we performed forward and inverse modeling experiments (shown in
supporting information) to confirm the array is sensitive to relatively small changes in resistivity throughout
the entire peat profile (down to 6.4 m depth at this site).

Full reciprocal measurements (current and potential electrodes switched) for each data set were also gath-
ered for error analysis purposes. The reciprocity principle states that an electric field will remain the same if
current and potential measurement locations are reversed. To optimize current injections and data collec-
tion speed, several ‘‘dummy’’ measurements were added. Thus, 4984 data were collected at each time step,
including a full set of reciprocal measurements. Each data set took approximately 1 h and 15 min to collect

Figure 1. Schematic of the ERI resistivity array and relevant sensors overlain on a satellite image. GPR L2 corresponds to Figure 3e.
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using three stacks and a 500 ms time delay between current injections. Voltage injection was set at 100 V,
providing a good compromise between signal-to-noise ratio and power consumption.

Four vertical electrode arrays (VEAs) each with 16 electrodes spanning from the surface to the mineral soil
were installed with electrodes spaced 0.3 m apart at different locations within the resistivity array (Figure 1).
Data were collected in a Wenner configuration using a Campus Geopulse resistivity instrument once daily
during most of July 2013, but were not gathered during the August monitoring period. These data were pri-
marily collected to add confidence to our 3-D ERI inversion results. Given the decaying sensitivity of ERI
inversions away from the electrodes, the VEAs provide reassurance (in addition to that from resolution
matrix and depth of investigation statistics) that measurements in low-sensitivity areas (i.e., the deep peat)
are reliable.

3.3. Supporting Environmental and Geophysical Data
Environmental sensors installed included nine HOBO pendant soil temperature loggers spanning from just
below the peat surface to 6.4 m depth at 0.8 m intervals (primarily intended to correct resistivity inverse
results for temperature variations throughout the peat profile; data logged every 15 min), a Solinst Level-
Logger Junior 3001 water level sensor (primarily for observing the link between resistivity, water level and
gas dynamics; collected at 2 min intervals), and a relative humidity/air temperature/atmospheric pressure
sensor (built into a Hydroinnova Cosmic-ray moisture probe; collected at 1 h intervals). Water levels were
compensated for atmospheric pressure variations using a sensor built in to the logger. The relative humid-
ity/air temperature/atmospheric pressure information was mainly used to perform corrections to methane
flux data (described later in this section), as well as to study the relationship between atmospheric pressure
and gas dynamics. The locations of the environmental sensors are shown in Figure 1. Daily rainfall data
were taken from the local weather underground station in Bangor, ME (KMEBANGO3). Four Decagon 5TE
probes were installed at various depths to monitor bulk electrical conductivity, 1 min data collection inter-
val. These probes also recorded dielectric permittivity and temperature, which in addition to the bulk elec-
trical conductivity, were used to estimate changes in pore water conductivity (described below). The layout
of these sensors is shown in Figure 1, and a summary of the types of data collected is shown in Table 1.

A key assumption of our resistivity monitoring experiment is that the effect of changing pore water conduc-
tivity rw remains small compared to the effect of changing FPG content. Using the conversion presented in
the 5TE manual and the relationships described by Hilhorst [2000], we converted bulk conductivity, bulk

Table 1. Summary of Data Collected

Method (Type of Data Col-
lected)/Instrument Used

Sampling Volume/Spatial
Resolution

Temporal Resolution (Highest)/
Time Period Collected

Instrument Accuracy/
Precision

ERI (resistance)/IRIS SyscalPro >1000 m3 sampling volume/
< 1 m3 spatial resolution

2 h/July and August 2013 60.2% accuracy
61 mV precision

VEA (resistance)/Campus Geo-
pulse Tigre

>1 m3 sampling volume/
< 1 m3 spatial resolution

24 h/July 2013 �61% accuracy

GPR (EM wave travel times and
amplitudes)/MALA ProEx

>100 m3 sampling volume/<
1 m3 spatial resolution

Single measurement/3 July 2013 �60.001 m/ns precision

Dynamic flux chamber
(CH4 concentration)
/Licor LI-7700

< 1 m2/point measurement 1 s/select periods during July
2013

65 ppb accuracy

Temperature logging/HOBO
pendants

�1 cm3/point measurement 15 min/July and August 2013 60.538C accuracy
60.148C precision

Electrical conductivity logging/
Decagon 5TE

�10 cm3/point measurement 1 min/July and August 2013 610% (EC accuracy)
/63% (VWC accuracy)

Pressure transducer (water
level)/Solinst LevelLogger
Junior 3001

�1 cm/point measurement 2 min/July and August 2013 61 cm accuracy

Atmospheric pressure/surface
temperature/relative
humidity logging/
Hydroinnova cosmic-ray
probe

�1 cm3/point measurement 1 h/July and August 2013 60.1 hPa (atmospheric
pressure accuracy)

618C (temperature
accuracy)

63% (relative humidity
accuracy)
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dielectric permittivity, and temperature to rw at 0.2, 1.0, 3.0, and 4.5 m depth. We recognize that this con-
version factor is based on assumptions that are likely violated for organic peat soils and therefore focus our
interpretation on the relative variation at each probe.

GPR data were collected along two profiles (shown in Figure 1b) using a MALA ProEx system and 100
MHz unshielded antennas. The data underwent basic processing including (1) dewow, (2) time-zero
adjustment, (3) exponential gain, and (4) trimming of the profiles to include only the data near the core
and resistivity array. For time to depth conversion, a common midpoint survey and subsequent analysis
revealed an average EM velocity of 0.034 m/ns, within 0.001 m/ns of values previously reported for Cari-
bou Bog (for example, by Comas et al. [2005, 2011a]). Limited CH4 flux data were recorded during the
month of July by a dynamic flux chamber system located in the center of the ERI array (location shown in
Figure 1b). The flux chamber system consists of a modified form of the setup employed by Mastepanov
and Christensen [2009] and similar to the laboratory configuration of Yu et al. [2014] whereby an open
path fast CH4 analyzer (FMA, LI-7700, LI-COR Biosciences, Lincoln, NE, USA) is enclosed in a plastic cham-
ber to continuously monitor CH4 concentrations. The setup is equipped with a pump to circulate air
through the system. Due to power limitations at the remote fieldsite, the CH4 flux data were only acquired
over five monitoring periods lasting from 1 to 3 days each at high (1 s) temporal resolution. Raw measure-
ments were adjusted for variations in pressure, temperature, and relative humidity according to Webb-
Pearman-Leuning (WPL) [Webb et al., 1980] and spectroscopic corrections [McDermitt et al., 2011] before
converting to CH4 flux.

3.4. Initial Subsurface Characterization
Initial characterization of the site was based on two cores (locations shown in Figure 1). A von Post humifi-
cation test was performed for the western core only (Figure 2a). The von Post humification scale is a set of

Figure 2. Preliminary characterization of the Caribou Bog site: (a) von Post humification index and select features along the 7.0 m core identified in the field; (b) photograph of example
dark layer; (c) photograph of example woody debris observed; (d) photograph of the transition from peat to the lake sediment at 6.4 m; (e) ground penetrating radar (GPR) line taken
nearby which shows the peat/mineral soil interface as a clear reflector at 6.4 m.
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guidelines for identifying the relative degree of peat composition in the field (1 being the least decom-
posed and 10 being completely decomposed).

Both cores revealed an approximately 6.4 m thick peat layer overlying a 0.4 m transition zone of lake sediment
(pictured in Figure 2d) becoming pure glaciomarine clay mineral soil at 6.8 m depth. Layers of poorly decom-
posed wood debris were identified at approximately 1.9, 3.45, and 3.75 m depth in the western core and at
2.3 and 3.45 m depth in the eastern core as shown in Figure 2c. The woody layers correspond to distinct
decreases in von Post humification (Figure 2a). In addition, several �1 mm dark layers, likely ash or possibly
layers of enhanced peat decomposition, were visible between 1 and 2 m depth in both cores (Figure 2b).

Data from one of the GPR lines (shown as L2 in Figure 1) collected at the site are displayed in Figure 2e and
show distinct reflection events from the mineral sediment and numerous semicontinuous reflectors in
between, likely associated with woody debris. This GPR radargram, combined with that obtained on a second
line (not shown here for brevity), confirm that the mineral soil is mostly flat but grades slightly downward
toward the south (0.4% and 0.5% gradient estimated toward the southeast and southwest in lines 1 and 2,
respectively). Furthermore, it confirms the lateral continuity of some of the stratigraphic attributes described
above (i.e., woody layers at 1.9 and 3.75 m depth as well as the peat-mineral soil interface at 6.4 m).

3.5. ERI Data Processing and Time Series Analysis
3.5.1. Data Filtering
For quality control purposes, all measurements from the time series with (1) >25% reciprocal error, (2) a nega-
tive resistivity, or (3) an applied current or measured voltage of less than 1 mV or 1 mA were removed (per-
formed after data collection; there was no field filtering of data). Reciprocal error percentage was calculated
as the normal measurement minus the reciprocal measurement, all divided by the normal measurement. In
the raw data, normal-reciprocal errors were highly left-skewed and averaged 6% due primarily to a relatively
small number of measurements (�3%) possessing large reciprocal errors. The choice of a 25% reciprocal error
and 1 mV cutoff was based on the relatively low electrical noise at the field site in Caribou Bog.

To make each data set comparable to the next for time-lapse inversion, measurements failing to meet these
conditions within a particular data set were removed from all data sets in the time series. Under these crite-
ria, each data set retained 3338 of the 4984 original measurements (67%). In other words, there were 1669
normal measurements and 1669 reciprocal measurements for each time series data set after the filtering.
The remaining data exhibited a mean reciprocal error of 0.46%. Within each data set, the averages of the
normal and reciprocal measurements were used for inversion.
3.5.2. Mesh Design
A tetrahedral finite element method mesh was designed in GMSH [Geuzaine and Remacle, 2009] and was
extended 60 m away from electrodes to establish Neumann (no electrical current flow) boundary condi-
tions. Elements at the electrodes were assigned a characteristic length of one fourth the minimum inter-
electrode distance (0.3125 m) to ensure adequate forward modeling of electrical potentials near the electro-
des, while the characteristic length at boundaries was set at 25 m. Elements in between the electrodes and
the boundaries gradually spanned lengths in between these two sizes, consistent with the decaying sensi-
tivity of ERI data away from the electrodes. An additional optimization step was performed in GMSH to
remove ill-conditioned elements (slivers, caps, splinters, and wedges) [Cheng et al., 1999]. In total, this pro-
duced a mesh with 47,722 voxels and 11,863 nodes.
3.5.3. Error Modeling and Propagation
A forward model of a homogeneous medium was run to assess numerical errors ef , while machine precision
errors were considered negligible in this study. Forward modeling errors were very small (maximum error of
less than 0.015 ohm m), owing to the singularity removal procedure [Lowry et al., 1989] applied in R3t. Sin-
gularity removal requires that the surface of the FEM mesh be completely flat. Although our study area was
located on a hummock and hollow area of Caribou bog, the maximum topographic variation (0.21 m)
among electrodes was smaller than the characteristic length of the smallest element in the FEM mesh.
Therefore, we did not consider this microtopography in our inversion.

We used the binning approach of Koestel et al. [2008] to build a data error model based on reciprocal errors.
In this approach, transfer resistance values are binned and the average value of the bin and the average of
the associated errors are plotted. Various models were analyzed (linear, parabolic, cubic, power law, and
exponential) and a linear model of the form ei56:83102411:531023di was chosen based on having the
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lowest Akaike Information Criterion (AIC) value [Akaike, 1974]. The AIC is a means of model selection that
penalizes complex models; lower AIC values indicate better fitting models with fewer parameters.

A first-order spatial derivative smoothness-constrained inversion was performed on the first data set using
R3t. This constraint is necessary to prevent unrealistic solutions to the inverse problem, but comes at the
cost of smoothing out the true resistivity distribution such that sharp boundaries are less well resolved.
Time-lapse data sets were adjusted prior to inversion following equation (5), and the starting model was set
to the inverse result from the previous time-lapse data set to urge consistency.

Propagating error according to equation (6) assumes that errors are uncorrelated and are thus additive. This
has the effect of giving time-lapse data sets larger errors than the background data set. However, in cases
where systematic errors (i.e., errors from mesh discretization, forward modeling, and field configuration)
dominate, as might be expected in a low electrical noise environment such as Caribou Bog, much of the
error tends to cancel by the inversion approach of Labrecque and Yang [2001]. Although difficult to explicitly
differentiate between systematic and uncorrelated errors, an initial inversion of all time-lapse data sets
revealed that in the vast majority of cases starting errors exceeded the convergence criterion and the inver-
sion could not be carried out. To address this problem, we scaled the convergence criterion by a factor of
one fourth which allowed 105 of the 126 time-lapse data sets (84%) to converge successfully within two
iterations. The background data set convergence criterion was not scaled and converged in six iterations.
3.5.4. Temperature Correction
After inversion of the ERI data sets, temperature correction was applied to the inverse results using the
method of Hayley et al. [2007],

mstd;j5
k Tj225
� �

11

k Tstd225ð Þ11

� �
mj; (7)

where mstd;j is the voxel resistivity corrected to the standard temperature, Tj is the temperature at the loca-
tion of the model voxel, Tstd is the desired reference temperature (chosen as 258C for this study), and k is a
constant describing the linear slope coefficient between temperature and conductivity of the soil. The con-
stant k was set as 0.0183, shown to be valid for a variety of soil types in the temperature range from 0 to
258C [Hayley et al., 2007].

We used data from our HOBO temperature loggers to produce a 1-D monotonic Hermite spline function
relating temperature to depth for each of the ERI data sets to allow for temperature correction of resistivity
values at each voxel throughout the imaged region away from the logger locations. The monotonic Hermite
spline function provides a smooth fit through discrete data while preventing overshooting and undershoot-
ing that may occur in regular cubic interpolation [Fritsch and Carlson, 1980]. For voxels below 6.4 m depth,
the temperature was fixed to the value of the deepest sensor given that temperature is unlikely to vary sig-
nificantly below this point. For example, in a 2 year study of the thermal properties of a northern peatland,
McKenzie et al. [2007] observed less than 18C annual variation at 4 m (the deepest point investigated in their
study). Considering that each 18C increase in temperature induces a roughly 2% decrease in resistivity, and
the stated accuracy of the temperature probes used for the depth-temperature model (60.538C), we expect
the correction to be reliable to within 1%. Although additional uncertainty exists in terms of horizontal vari-
ability in temperature (we considered a perfectly layered 1-D temperature model) and the depth-
temperature model itself, these factors were beyond our means to reasonably constrain further for this
study.
3.5.5. Time Series Analysis of ERI Data Sets
Each data set collected in this study consists of 47,722 voxels. To assist in the presentation of these data in
an informative way, we took two approaches. The first measure we employed was to average the magni-
tude of the changes observed between ratio data sets in order to provide a single number to assess how
much change has occurred between data sets. To do so, we calculated,

qrat 5
1
M

XM

j51

jmstd;j volj21j; (8)

where M is the total number of model parameters (voxels) in the foreground region and volj is the volume
of voxel j divided by the total volume of the foreground region. This is essentially the volume-weighted
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average magnitude of ratio resistivity change, shifted to have a zero minimum. A single qrat value is calcu-
lated for each time step, which represents the variation of resistivity in comparison to the previous measure-
ment. All together, the qrat values form a time series that summarize the 3-D ERI data, and therefore we can
expect qrat to reflect the overall amount of ‘‘activity’’ in the monitoring region since the last time step.

Our second approach was to analyze the correlation between resistivity and the measured environmental
variables, i.e., atmospheric pressure, water level, and temperature. All environmental data were available at
a resolution of at least 1 h, therefore we selected the datapoints most closely corresponding to each hour
for our time series analysis. To make ratio resistivity inverse results directly comparable to 1 h environmental
data, we used Gaussian interpolation to form intermediate data sets such that the time series for the resis-
tivity and the environmental parameters had equal length for correlation analysis.

4. Results

4.1. Initial Site Characterization
4.1.1. Environmental Variables
Figure 3a shows variations in peat temperature throughout the study period. Diurnal variations are
observed in the sensor placed just below the peat surface, ranging from 15 to 278C. Temperatures in the
region down to 2.4 m increase gradually until the end of the study period, whereas temperatures below
2.4 m range from 6 to 88C, but remain relatively steady at each monitoring location (less than 18C variation
throughout the study period).

Water levels (Figure 3b) fluctuate between 0.1 and 0.2 m below the peat surface, being typical for a north-
ern peatland. Although daily variations were observed (likely due to day-night shifts in evapotranspiration
[Mitsch and Gosselink, 2007]), the water level variations mostly appear to be driven by large rainfall events.
The water table generally fell from 4 July to 22 July, subsequently rose until 10 August, and then fell again
until the end of the study period. Atmospheric pressure also exhibited daily variations and ranged from 990
to 1030 hPa. The month of July had a distinctly lower atmospheric pressure than August. Several relatively
low-pressure events (for example, 18 July, 24 July, and 10 August; Figure 3b) occur throughout the study

Figure 3. Plots of key environmental parameters throughout the monitoring study: (a) peat temperature recorded at the nine HOBO loggers through time; (b) water level (compensated
for atmospheric pressure variations), atmospheric pressure, and rainfall events; (c) calculated pore fluid conductivity at 0.2, 1.0, 3.0, and 4.5 m.
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and are usually accompanied by relatively large amounts of rainfall. The drops in atmospheric pressure
often occur rapidly. Preceding the 18 July low, for example, the pressure dropped from 1017.8 to 1009.4
hPa over a period of 12 h.

Pore water conductivity and propagated uncertainty (based on probe accuracy, shown as dotted error bars
to the right of the plot) are shown in Figure 3c. The pore water conductivity varies between 0.010 and
0.023 S m21. These values are consistent with ranges previously observed in Caribou Bog (A. S. Reeve,
unpublished data, 2000). Values ranging from 0.011 to 0.014 S m21 are observed in the 0.2 m depth pore
water conductivity data, which we attribute to rainfall and evapotranspiration. We assume that ERI data
acquired at the smallest investigation depths reflect these variations to some extent. Consequently, these
investigation depths (top 0.2 m) are excluded from the time series analysis in order to focus on resistivity
changes driven by FPG dynamics.

The pore water conductivity recorded at 1.0 m increased from 0.010 to 0.023 S m21 in July, which is unex-
pected, then remained more or less steady through the rest of the study period. The July increase could
result from heavy rains that occurred prior to the field campaigns and dry deposition, from solute transfer
from up hydraulic gradient, or possibly due to peat mineralization and subsequent release of organic acids
and other ions into the pore fluid. Another possibility could be FPG bubbles forming on the prongs of the
sensors, causing instrument malfunction. Unfortunately, we have no data to support these assumptions.

The fluctuations in the 3.0 and 4.5 m data are largely due to the limited precision and accuracy of the probe
measurement of bulk conductivity: the ‘‘jittering’’ effect results from the limits of the 0.001 S m21 precision.
Consequently, the pore water conductivity cannot be assumed to be entirely static. Nevertheless, without
any reason to believe that there would be substantial changes in fluid conductivity at depth, we believe
these data depict stable pore water conductivity, supporting our association of changes in resistivity with
changes in FPG content.

Figure 4a shows the calculated sensitivity map for the first ERI background data set (4 July). As anticipated,
sensitivity is highest in the foreground region of the mesh and decays toward the edges. Although all inver-
sions were performed on the entire mesh, we henceforth only present data from the foreground region
(the top 6.4 m of peat below the 28 m by 10 m electrode array). This represents an informed decision to
present only those parts of the model space that likely provide reliable information on resistivity variation
as inferred from the sensitivity image.

The temperature-corrected background image of the foreground region is shown in Figure 4b and depicts a
relatively strong resistivity change that occurs at approximately 6.4 m, indicating the peat-mineral soil bound-
ary and consistent with the GPR and coring data. The peat region (above 6.4 m, 24,668 voxels) has an average
resistivity of 192 ohm m and standard deviation of 50 ohm m, while the mineral soil region (below 6.4 m, 174
voxels) has an average resistivity of 75 ohm m and a standard deviation of 15 ohm m. A second resistivity
change is also depicted within the peat column at around 3 m (coinciding approximately with the position of
the 3.45 m woody layer as per Figure 2a) characterized by a deeper region (below 3 m) with an average resis-
tivity of 126 ohm m overlain by a shallow region (above 3 m) with an average resistivity of 161 ohm m.

Data from the VEAs were used to build further confidence in the inversion results. Since the apparent resis-
tivity computed from the VEAs represents an average resistivity of the region surrounding the electrodes,
we computed average resistivity from elements from the 3-D inversion within 1.25 m of the center of the
quadripole for comparison (Figure 4c). In general, the 3-D results appear smoothed out compared to the
variation observed at the VEAs, consistent with the smoothness constraint imposed by the inverse algo-
rithm. The ERI-derived resistivities are consistently higher than the apparent resistivities from the VEAs
between 2 and 5 m depth, which may result from differences in sampling volumes between the two meas-
urements. Nevertheless, a consistent pattern is visible between the ERI and VEA results, adding confidence
that the time-lapse ERI inversions are reliable throughout the part of the model domain defined to have suf-
ficient resolution.

4.2. Monitoring of Resistivity Changes
4.2.1. Time-Lapse ERI Results and Atmospheric Pressure
Figure 5a shows qrat and ratio changes in atmospheric pressure. Figures 5b–5f show the actual ERI ratio
resistivity values from points along the time series, while Figure 6 shows increases and decreases in ratio
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resistivity for a selected time period centered on 6 July (Figure 5b). The distribution of qrat is leptokurtic
(kurtosis� 0) with a mean slightly less than 1 (0.99996), a standard deviation of 0.002, and bounds of 0.868
and 1.14. We used the standard deviation to apply a threshold to the ERI images in Figures 5b–5f to only
show absolute changes greater than 0.2% between the 1 h interpolated data sets. Ratio resistivity values
smaller than 0.9 or larger than 1.1 are shown as color saturated.

Visually, qrat appears to give a good indication of the overall ratio changes occurring in the actual ERI
images (see movie ms1 in supporting information to view an animation of all time-lapse ERI images).
Figures 5b–5d and 5f correspond to the four largest qrat events and occur during abrupt drops in

Figure 4. Results of the background data set inversion from 4 July. (a) Fence diagram showing sensitivity of voxels within the FEM mesh—the expected pattern of decaying sensitivity
away from the electrodes is observed; (b) cut of the inverted 3-D background data set. The inverted resistivity values depict a boundary near the base of the peat and at a woody layer
(shown as pink lines); (c) apparent resistivity values captured by the vertical electrode arrays compared with the inverted resistivity values from the voxels corresponding to the vertical
electrode array measurement locations. The values from the 3-D inversion are smoothed, but show good agreement with the vertical electrode arrays in terms of magnitude and shape.
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atmospheric pressure (low ratio pressure), whereas Figure 5g is a relatively large qrat event occurring during
a period of rising atmospheric pressure, but closely follows a drop in atmospheric pressure (within 24 h).
Figure 5e is a representative image for a relatively static time both in terms of qrat and atmospheric pres-
sure. Each of the images in Figures 5a–5g shows ratio resistivity changes greater than 0.2% across the

Figure 5. Time-lapse ERI results: (a) average absolute ratio resistivity magnitude (qrat , black) plotted with ratio atmospheric pressure (red). (b–g) select ratio ERI images from the time
series. A threshold has been applied to only show changes with magnitude> 0.002 to enhance visibility.
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Figure 6. Selected time-lapse images (a and b) before, (c) during, and (d and e) following the 6 July qrat event.
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shallow peat layer, while the 3 July data sets corresponding to large qrat events (Figures 5b–5d) depict strong
ratio resistivity changes at depth. Figure 5b depicts predominantly decreases in ratio resistivity in the shallow
peat and predominantly increases in the deep peat, while Figures 5c and 6d show the reverse pattern.

The August images (Figures 5f and 5g) show fewer ratio resistivity changes greater than the 0.2% threshold
than the July images (Figures 5b–5d), but depict a similar pattern to that observed in Figures 5c and 5d. In
Figures 5f and 5g, changes in qrat > 0.2% are limited to the uppermost layer and a region of increase in the
center of the image not extending beyond 4 m depth. The average ratio resistivity for 10 August midnight
(corresponding to Figure 5f) is positive, while the average ratio resistivity for 24 August midnight (correspond-
ing to Figure 5g) is negative, despite the positive anomaly observed in the center of the image. Additional
plots showing depth slices of Figures 5b–5d, 5f, and 5g as well as average ratio resistivity values from various
depths along the time series are shown in the supporting information, but are not included here for brevity.
4.2.2. Direct Flux Measurements, Water Levels, and Atmospheric Pressure Compared to ERI
Figure 7 shows ratio of atmospheric pressure magnitude, qrat , and CH4 flux data from the dynamic flux
chamber during five monitoring periods. The flux data consist of a steady, background flux (<15 mg CH4

m22 d21) punctuated by relatively large flux events that show up as spikes (up to 260 mg CH4 m22 d21).
These spikes occur mostly during periods of decreasing atmospheric pressure (as in flux monitoring periods
1, 2, 5, and partly in 3), but also appear to occur during rising atmospheric pressure (flux monitoring periods
4 and partly in 3). The largest qrat events are annotated with their corresponding images in Figure 5.

There is some correspondence between CH4 flux recorded at the center of the array and qrat , in that ele-
vated flux apparently corresponds to elevated qrat on several occasions (Figure 7). Flux monitoring periods

Figure 7. Data from the five dynamic flux chamber monitoring periods (blue), the average absolute ratio resistivity magnitude (qrat , black),
and ratio atmospheric pressure (red).
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1, 3, and 4 depict this general visual relationship, although there appears to be little correlation with the
direct flux measurements and qrat in terms of magnitude. Additionally, monitoring period 2 shows little
change in qrat despite collection of several ERI data sets during this time period and a drop in atmospheric
pressure and corresponding elevated CH4 flux recorded at the surface. There are no large qrat events during
monitoring period 5, but there is a large event that occurs a few hours later during an atmospheric pressure
minimum (the CH4 flux monitoring time series does not overlap this event).

Figures 8a and 8b show the percentage of the peat volume with moderate to strong (magnitude of r > 0:4)
linear correlations between ERI resistivity and atmospheric pressure in the shallow and deep peat. Almost
no linear correlation exists between atmospheric pressure and resistivity at either depth, even if there
appears to be a time lag of various lengths between drops in atmospheric pressure and spikes in qrat

(Figure 5a). In contrast, Figures 8c and 8d show correlations between water levels and resistivity in the
shallow and deep peat. In both cases, a significant portion of the peat volume exhibits moderate to strong
negative linear correlations (54% in the shallow peat, 18% in the deep peat). Figure 9a shows only voxels
with correlations of magnitude greater than 0.7, and Figure 9b shows an example time series plot of resistiv-
ity and water levels. These correlations occur in the region below the water table, which varies throughout
the study period between 0.1 and 0.2 m depth (Figure 9a).

5. Discussion

5.1. The Unique Nature of ERI Measurements: Monitoring FPG Dynamics in Peat Soils at Different
Temporal Scales
This study shows the potential of ERI to monitor biogenic gas dynamics within peat soils at high (i.e., hourly)
temporal scales. Despite that the technique represents an indirect measurement of gas content as based on
changes in electrical conductivity, the method is unique for its ability to autonomously monitor gas dynam-
ics within the peat matrix, therefore representing a minimally invasive measurement. Although installation
of the VEAs represent greater disturbance to the peat (compared to the surface ERI), the results of this study
indicate that surface array measurements are sensitive enough to observe FPG dynamics in peat, and that
within peat VEA measurements are likely not required for future studies of this kind. Furthermore, the ERI
method is able to provide information on gas dynamics and migration through the peat column beyond
traditional methods (i.e., chambers) that are only able to capture gas releases once reaching the peat-air
interface. For example, Figure 6 shows increases and decreases in ratio resistivity within the shallow and
deep layer around the drop in atmospheric pressure on 6 July. The changes are interpreted as gas content

Figure 8. Pie charts summarizing the Pearson correlation coefficient between ERI resistivity and environmental variables for deep (> 1 m)
and shallow (top meter) peat. Note only ‘‘moderate’’ to ‘‘strong’’ correlations (larger than 60.4) are shown. (a and b) Correlations between
resistivity and atmospheric pressure; 99% of the (a) shallow and (b) deep peat regions show little to no linear correlation. (c and d) Correla-
tions between resistivity and water levels; over half the shallow peat region. Figure 8c shows moderate to strong negative correlations
with water level, while most of the deep peat region (Figure 8d) shows no moderate to strong linear relationship with water level, 18% of
the region still exhibits a negative correlation.

Water Resources Research 10.1002/2015WR018111

TERRY ET AL. FPG DYNAMICS IN A NORTHERN PEATLAND FROM ERI 3012



increasing in the shallow layer while decreasing in the deeper layer. This pattern might represent vertical
migration of gas from deeper to shallower layers. Being able to capture such trends in gas dynamics within
the peat column at the temporal resolution shown here (i.e., hourly) has never, to our knowledge, been
reported before and exemplifies the unique potential of ERI to monitor gas dynamics in peat soils.

We note that there are some inherent limitations to interpretation of time-lapse ERI as a proxy for FPG
dynamics. For one, ERI measurements take time to perform (in this study, 1.25 h), and thus limit the tempo-
ral resolution. Inverted ratio resistivity values represent the sum of all resistivity changes between data sets,
which may reflect multiple FPG events. Second, given the time it takes for ERI data collection to occur, ERI
measurements do not capture an instantaneous time slice of a dynamic process. Although we are treating
changes in resistivity as having occurred between two data sets, such changes could partially represent
changes that are taking place during data collection.

Given the indirect nature of ERI measurements, changes in resistivity have multiple interpretations. We
have asserted that increases in total FPG volume will be mirrored as increases in resistivity; likewise
decreases in FPG volume will show as decreases in resistivity. Volume changes in FPG result from two main
processes. First, abrupt gas transfer and/or ebullition events will result in substantial local gains or losses in
FPG content, and should be visible in ERI images assuming the events are of detectable magnitude. Second,
pressure variations (due to atmospheric or hydrostatic fluctuations) will result in volume changes to the
FPG bubbles themselves according to Henry’s Law and the ideal gas law. Decreases in pressure allow bub-
bles to expand, while increases in pressure cause bubble contraction. Significant dilation of FPG bubbles
should appear as an increase in resistivity and vice versa.

For example, a decrease in water level of 10 cm (the approximate range observed in this study, see Figure
3) is roughly equivalent to a decrease in hydrostatic pressure of 10 hPa below the water table. According to
Henry’s Law and the Ideal Gas law and assuming an average temperature of 108C, an ambient pressure of

Figure 9. Correlation between water level and resistivity; (a) voxels with correlation coefficients having magnitudes greater than 0.7. The
range of water levels are also shown; (b) water level (blue) and resistivity (green) time series at a voxel in the shallow peat exhibiting a
20.89 correlation.
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1000 hPa and that the FPG consists solely of methane, this change would induce an approximate 11%
increase in bubble volume. Assuming a porosity representative of Caribou Bog of 0.94 [Parsekian et al.,
2012] and employing equation (3), this would be manifested as a 11.5% increase in ratio resistivity. This
change is much greater than the average data error observed (0.46%), and should be well within detection
limits of our ERI setup.

Although a quantitative link directly mapping ERI data to FPG content has been deemed unreasonable (in
our study as well as the laboratory studies of Slater et al. [2007] and Kettridge et al. [2011]), we have taken
careful measures to ensure that ERI inversion results can be qualitatively interpreted as changes in FPG con-
tent. First, we compensated for temperature in the ERI inverse results using data from eight sensors span-
ning from the peat surface to the mineral soil (Figure 3a). Second, we observed stable pore fluid
conductivity values at 0.2, 3.0, and 4.5 m depth, although the 1.0 m conductivity probe did exhibit some
variation (Figure 3c). Third, we confine our interpretations to below the water table (maximum depth 0.2 m,
Figure 3b) to avoid mistakenly interpreting water level variation as gas development/release. Fourth, we
constrain our analysis to the foreground (high sensitivity) region of the ERI inversion mesh (Figure 4a). Fifth,
we cross validated our ERI inverse resistivity magnitudes with apparent resistivity recorded at the VEAs (Fig-
ure 4c). Finally, a synthetic study suggests that changes in FPG content of the magnitude we would expect
to see in Caribou Bog are detectable using ERI (see supporting information).

The ERI difference inversion successfully captured several major events within the peat during the 2 month
study period. Rates of resistivity change of over 0.2% per hour were observed throughout the entire peat
column during these events. Such events also seem to indicate some general trends in biogenic gas accu-
mulation and release during the 2 month monitoring period that may be potentially related to the stratigra-
phy of the peat column. For example, the event on 6 July (Figure 5b) shows a marked decrease in resistivity
below 3 m coinciding with an increase above 3 m that could be interpreted as a breach in the wooden
layers described between 3 and 4 m (Figure 2) followed by release of gas that moves into the layers above.
Subsequent events (i.e., 18 and 23 July, Figures 5c and 5d, respectively) show a marked increase in resistivity
below 3 m that could be interpreted as periods where gas accumulation below the wooden layer increases
gradually due to entrapment.

Comparison of the ERI data with the CH4 flux data and the atmospheric pressure variations (Figure 7) sug-
gests that the large qrat events represent either large-scale ebullition and/or FPG transfer events, FPG bub-
ble volume changes due to changes in pressure, or both. Each of these events (Figures 5b–5d, 5f, and 5g)
occurs during or soon after a rapid drop in atmospheric pressure (Figure 5a). The events shown in Figures
5d, 5c, and 5f occur within 4 h of the first, second, and fourth largest local minima in ratio atmospheric pres-
sure, whereas Figures 5b and 5g occur within several hours of smaller local ratio atmospheric pressure min-
ima. These abrupt changes in FPG content associated with sudden drops in atmospheric pressure are
consistent with the findings of many others [Bon et al., 2014; Comas et al., 2011a; Kellner et al., 2006;
Kettridge et al., 2011; Tokida et al., 2007; Waddington et al., 2009; Yu et al., 2014].

Most of the events shown in Figures 5c, 5d, 5f, and 5g depict a pattern of decreased qrat in the surface layer
while increases primarily occur below 1 m depth. This resistivity structure is consistent with ebullition pri-
marily occurring from the shallow peat (decreasing resistivityÞ, and gas bubble expansion (increasing resis-
tivity) due to decreasing atmospheric pressure occurring in the deep peat. Figures 5f and 5g show a
localized increase in qrat in the deep peat near the center of the study area. This region of increased qrat

may reflect a gas pocket formed from the upward migration and subsequent expansion of many small bub-
bles within this pocket due to decreased atmospheric pressure. Although this localized increase occurs in
the center of the ERI array where sensitivity is relatively greater, it is unlikely that this region is simply an
artifact of the ERI sensitivity given that both our synthetic and field tests were able to image large (>0.2%)
changes in resistivity outside of this area.

Overall, the patterns observed in this time-lapse resistivity data set support the shallow peat model of
Coulthard et al. [2009] in that ebullition appears to most commonly originate from the shallow (upper
meter) peat rather than the deep peat (see movie ms1 in supporting information). As we emphasize, the
link between resistivity data and FPG content is not sufficiently robust to provide an estimate of the actual
volumes of gas being released from either zone. Therefore, although unlikely based on our data, it is possi-
ble that the deep peat ebullition event observed in Figure 5b may be responsible for significantly more FPG
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release than the other events we observe. In addition, we note that this study took place in the summer
months and that gas dynamics vary seasonally [Comas et al., 2008]. For example, the deep peat may play a
larger role during the fall and winter months as surface temperatures cool and the shallow peat eventually
freezes.

5.2. Comparison of ERI and Direct Flux Data
Figures 5b–5d and 5f show the four largest events in terms of qrat . Of these events, only the smallest, Figure
5f, fails to show >0.2% per hour changes throughout the entire peat profile, although large resistivity
changes are still observed in the upper layer. Although there is some correspondence between CH4 flux
recorded at the center of the array and qrat , there is no clear (i.e., quantitative) relationship between the tim-
ing and magnitude of these two parameters. These observations highlight the difference in scale between
ERI measurements and chamber-based measurements. Apparently, large ebullition events recorded at the
CH4 flux chamber do not necessarily appear as large events throughout the peat volume sampled by ERI.
Clearly, the spatiotemporal resolution of the ERI is not fine enough to capture such spatially localized events
recorded at the flux chamber. Such discrepancies illustrate how upscaling from chamber measurements to
a global scale could potentially be very misleading, and finding the ‘‘appropriate’’ spatiotemporal scale to
capture FPG dynamics in wetlands is an ongoing research problem as illustrated in other recent studies [for
example, Stamp et al., 2013; Comas and Wright, 2014].

5.3. Time Series Analysis of ERI, Water Levels, and Atmospheric Pressure
Atmospheric pressure and resistivity exhibit almost no linear correlation in either shallow or deep zones
(Figures 8a and 8b). This may be due to conflicting effects of atmospheric pressure on FPG dynamics: low
pressure driving both gas expansion and ebullition, high pressure both causing bubble contraction and
enhancing mobility (allowing for transfer/release). Although abrupt pressure decreases clearly trigger large
changes in resistivity, particularly at depth, there is no linear dependency of resistivity on pressure. This indi-
cates that the nonstationary dependency of the peat gas dynamics on episodic changes in atmospheric
pressure only.

A substantial portion of the peat volume shows moderate to strong linear correlations with water levels
(Figures 8c and 8d). Figure 9b illustrates that the strong negative correlations are primarily trend driven, as
the resistivity does not appear to respond to the small fluctuations in water level. This is confirmed by differ-
encing the two time series, which reveals weak to no correlation (not shown). Although each data set was
interpolated to a common 1 h interval for time series analysis, it is possible the small fluctuations in water
level are not reflected in the ERI data due to differences in the actual sampling rate of the instruments. The
water level data were sampled at 15 min intervals, whereas ERI data were collected no faster than 2 h apart.

We therefore attribute the moderate to strong negative correlations between resistivity and water level
below 0.2 m depth to bubble contraction/dilation due to hydrostatic pressure variation. The fact that more
correlation is observed in the shallow peat may have to do with (1) the enhanced sensitivity of ERI within
this region, (2) possibly higher FPG content in the shallow peat, and/or (3) a greater ability for bubbles to
expand/constrict in the shallow peat possibly due to generally higher elasticity of the shallow peat matrix.

Assuming the FPG release dynamics we observe are primarily driven by pressure variations, we might
expect to see similar relationships between resistivity and water level as well as resistivity and atmospheric
pressure. We attribute this discrepancy to the magnitude of hydrostatic pressure variations, equivalent to
roughly 10 hPa over weeks, versus atmospheric pressure, which varies up to 20 hPa in a single day. Thus, it
seems that atmospheric pressure is primarily responsible for driving large FPG transfer and release events,
whereas hydrostatic pressure may also contribute to these events (the events observed in Figures 5c and
5d also occur during relatively low water levels). Whereas abrupt changes in atmospheric pressure episodi-
cally trigger major gas releases, water levels appear to immediately change bubble size through compres-
sion and expansion. This phenomenon was clearly observed (visually and through GPR monitoring) by Chen
and Slater [2015] in a peat monolith taken from Caribou Bog.

6. Conclusions

ERI is a unique method for autonomously monitoring FPG dynamics in peat soils at high (i.e., hourly) tempo-
ral scales. The method is able to provide information on gas dynamics and migration through the peat
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column while bringing some insights about mechanisms for FPG releases. For example, drops in atmos-
pheric pressure appear to exert control over FPG transfer and ebullition events as inferred from ERI. Most of
these events are associated with a loss of FPG in the shallow peat and an increase in FPG in the deep peat;
however, we were unable to establish a quantitative link between atmospheric pressure and FPG content
using our ERI data. The increase in FPG content in the deep peat during drops in atmospheric pressure may
result from collection of gas below a confining layer and/or bubble expansion during low pressure. In one
notable case, we observed a large decrease in FPG content from the deep peat. This likely reflects a ruptur-
ing event in which FPG buildup in the deep peat breaks through a confining layer and transfers to the shal-
low peat and/or is released to the atmosphere.

Water level variations were not found to trigger ebullition or FPG transfer events in this study. However,
even small variations in hydrostatic pressure (less than 10 hPa over the 2 month study period) appear to
control FPG bubble contraction/dilation, as evidenced by the substantial portion of the shallow and deep
peat showing moderate to strong negative linear correlation between water levels and resistivity. Although
it is probable that water level variation could trigger ebullition and gas transfer in a manner similar to
atmospheric pressure, the gradual nature of the hydrostatic pressure change compared to atmospheric
pressure change makes this hydrostatic pressure trigger less likely. Likewise, given the relatively abrupt rate
of atmospheric pressure change (>20 hPa in a single day), the temporal resolution of our ERI measurements
(collected twice a day on average) may not be sufficient to capture rapid changes in bubble volume.

Although power considerations and data collection time limited our maximum temporal resolution, this is
not a limitation of the ERI technique. Depending on the data collection scheme, time-lapse ERI data could
be collected every few minutes or possibly even more rapidly. In addition, we have shown the ability of
time-lapse ERI for depicting an in situ dynamic process occurring over several meters within the deep peat
(down to 6.4 m), a regime otherwise difficult to sample. Importantly, ERI also minimizes disturbance of peat
structure. Although we recognize the inability of the technique to directly estimate FPG content, there is
immense value in employing ERI coupled with other environmental measurements to study biogenic gas
dynamics in wetland soils. In the future, ERI could be used to directly compare below ground CH4 dynamics
with CH4 fluxes at the surface if coupled with systems that measure on similar scales (such as infrared CH4

cameras [Gålfalk et al., 2015] and/or multiple chambers [Stamp et al., 2013]). Such a study would serve to
constrain conceptual models of below ground peatland gas dynamics and further clarify the relative impor-
tance of shallow versus deep peat to methane fluxes.
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