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Surface-based 2D electrical resistivity tomography (ERT) surveys were used to characterize permafrost
distribution at wetland sites on the alluvial plain north of the Tanana River, 20 km southwest of
Fairbanks, Alaska, in June and September 2014. The sites were part of an ecologically-sensitive research
area characterizing biogeochemical response of this region to warming and permafrost thaw, and the
site contained landscape features characteristic of interior Alaska, including thermokarst bog, forested
permafrost plateau, and a rich fen. The results show how vegetation reflects shallow (0—10 m depth)
permafrost distribution. Additionally, we saw shallow (0-3 m depth) low resistivity areas in forested
permafrost plateau potentially indicating the presence of increased unfrozen water content as a
precursor to ground instability and thaw. Time-lapse study of June to September suggested a depth of
seasonal influence extending several meters below the active layer, potentially as a result of changes in
unfrozen water content. A comparison of several electrode geometries (dipole-dipole, extended
dipole-dipole, Wenner-Schlumberger) showed that for depths of interest to our study (0-10 m) results
were similar, but data acquisition time with dipole-dipole was the shortest, making it our preferred
geometry. The results show the utility of ERT surveys to characterize permafrost distribution at these
sites, and how vegetation reflects shallow permafrost distribution. These results are valuable
information for ecologically sensitive areas where ground-truthing can cause excessive disturbance.
ERT data can be used to characterize the exact subsurface geometry of permafrost such that over time
an understanding of changing permafrost conditions can be made in great detail. Characterizing the
depth of thaw and thermal influence from the surface in these areas also provides important
information as an indication of the depth to which carbon storage and microbially-mediated carbon
processing may be affected.

ABSTRACT

Douglas et al, 2014). The presence or absence of
permafrost is a key control on hydrogeology in this
region (Jorgenson et al, 2013; Vonk et al, 2019,
Walvoord and Kurylyk, 2016). Permafrost thaw and
associated soil moisture changes can drive CO, and
CH; release from soils in boreal ecosystems (Estop-
Aragonés et al., 2018; Euskirchen et al.,, 2017; Natali et
al, 2015; 2014; Turetsky et al, 2002), and thaw can
release dissolved carbon and nitrogen that affects

INTRODUCTION

Knowledge of the distribution and changing
conditions of permafrost in subarctic wetlands is
critical to understanding the effects of climate change
on the global carbon cycle. This is because there are
vast quantities of carbon stored in permafrost: in the
northern circumpolar permafrost region, wetland

thermokarst landscapes store approximately 164 Pg
of soil organic carbon (SOC) in upper 3 m, represent-
ing 15% of the total 0-3 m SOC across the region, and
the highest average SOC concentration (kg C m—2)
relative to other landscape types (Olefeldt et al,
20106). Interior Alaska is in the discontinuous perma-
frost zone, and changes in permafrost distribution and
active layer thickness are already occurring in
response to climate change and are projected to
continue with future warming (Brown et al, 2015;
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ecosystem processes (Wickland et al, 2018). There-
fore, information on the distribution of ice-rich or
thawed subsurface is important in developing an
understanding of the biogeochemical response of this
region to warming. Here, we describe the use of
electrical resistivity tomography (ERT) to examine
distribution of permafrost, active layer thickness, and
other ecosystem characteristics at two sites on the
alluvial plain north of Tanana River (Fig. 1) in June and
September of 2014.
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Figure 1 View looking southwest across the study area. Photo
location is the upper right of location map (Fig. 2). The southern
half of the fen area is lower right, and bog site with forested
permafrost plateau is center. The open meadow in center left of
photo is at the edge of location map. Denali is visible in upper left.
Photo credit: Tom Lorenson (USGS).

ERT has proved to be a useful non-intrusive
geophysical tool in permafrost studies in the Arctic
region, including Alaska (Walvoord and Kurylyk,
2016). For example, a study by Swarzenski et al.
(2016) concluded that ERT is a useful technique to
discern subtle change in surface features over summer
thaw cycle on the Arctic coast. Minsley et al (2016)
combined multiple geophysical techniques (ERT and
NMR) to examine fire effects on near-surface perma-
frost in boreal landscapes of Interior Alaska, and found
the techniques were useful to corroborate remote
sensing data. McClymont et al. (2013) combined ERT,
GPR, and thermal conduction modelling to assess how
the land cover distributions influence thawing of
discontinuous permafrost. In addition, the application
of multiple geophysical methods (ERI, EMI, GPR,
infrared) in a permafrost setting was performed by
Briggs et al. (2017), and the results highlighted the
complementary but unique attributes of individual
methods. Using a combination ERT, airborne imagery
and LiDAR, Douglas et al. (2016) demonstrated that
ERT can be an effective and rapid means of mapping
permafrost.

In this study we investigated permafrost distribu-
tion within two experimental wetlands sites near
Fairbanks, Alaska that are part of the Bonanza Creek
Long Term Ecological Research program. Previous
research at these sites has focused on peatland carbon
cycling as affected by warming and hydrologic
changes (Hultman et al, 2015; McConnell et al,
2013; Neumann et al, 2016; Nicole et al, 2013;
Waldrop et al, 2012). Because these sites are
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ecologically sensitive, a key consideration in our
approach was minimizing damage caused through
surface or subsurface disturbance, and non-intrusive
geophysical methods were considered ideal. Our
primary goals were to: i) map shallow permafrost
occurrence; ii) identify how vegetation type is related
to permafrost within this wetland complex; and iii)
examine depth to permafrost and existence of
unfrozen areas, or other features useful in under-
standing or predicting changes in hydrologic connec-
tivity of these wetlands to uplands and the riparian
zone related to permafrost degradation.

STUDY SITE

The climate of the Fairbanks area is subarctic,
characterized by long, cold winters with a mean air
temperature of —22 °C in January, short, mild summers
with a mean air temperature of 17 °C in July, and an —2
°C overall mean annual air temperature (ACRC, 2018).
The region is in the discontinuous permafrost
coverage zone (Jorgenson et al, 2013), and perma-
frost temperature in the area is relatively warm, near O
°C (Jorgenson and Osterkamp, 2005). Annual precip-
itation in 2014 was far above normal (27 cm), with a
record summer precipitation of 29 cm (NOAA, 2014),
and an annual precipitation of 44 cm for the 3™
wettest year over the 1949-2014 period of record
(NOAA, 2015). Precipitation was below normal up
until mid-June, when there was a large rainfall event
(June 18™-19™) that occurred between our June and
September survey and set the record for wettest June
for Fairbanks.

The two wetlands sites are on the floodplain north
of the Tanana River in the Middle Tanana Valley (Fig.
2) and within the Bonanza Creek Experimental Forest
(http://www lter.uaf.edu/research/study-sites-bcef),
about 20 km southeast of Fairbanks, Alaska. One
wetland site, hereafter referred to as the “bog” site,
included two study profiles (P1 and P2) across ther-
mokarst bog (collapse scar) features and forested
permafrost plateau bordered by the transition from
the floodplain to hillslope. The second site, the “fen”
site, included one profile (P3) that covered a vegeta-
tion and soil moisture gradient that transitions across
five distinct zones, including a: 1) black spruce forest;
2) low shrub meadow dominated by Salix and Betula
spp-; 3) grass tussock tundra dominated by Calama-
grostis spp; 4) emergent fen dominated by Equisetum
and Carex species; and 5) moderate rich fen with
Sphagnum, Drepanocladus spp. and Equisetum
(McConnell et al, 2013; Waldrop et al, 2012).

The study profiles cover several landscape features
and geologic deposits (Fig. 3). A surface geologic map
for the Tanana Basin (Anderson, 1970) shows the
study area is characterized by deposits of aeolian silt
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Figure 2 Location of ERT profiles in wetland areas of the Bonanza
Creek Experimental Forest, Interior Alaska in June and September
2014 showing bog and fen sites: a) Shows regional location of sites;
b) Shows generalized surface geology of the area adapted from
Pewe et al., (1966) and descriptions by Newberry et al., (1996)
where Qer is re-transported aeolian silt, Qef'is Fairbanks Loess, Qa/
is floodplain alluvium, Qod is organic (wetland) deposits, and Zfs
is Fairbanks Schist. Imagery from Google Earth Pro, imagery date:
6/1/2017, image credit Landsat / Copernicus.

(Fairbanks Loess); deposits of undifferentiated alluvial,
colluvial, or aeolian sand and silt; and igneous and
metamorphic rocks mostly represented by the Fair-
banks Schist (Newberry et al, 1996). Active layer
depth along the edge of the alluvial plain north of the
Tanana River has been observed at 1.5-6 m, and up to
50 m thick permafrost layers are reported for the edge
of the floodplain (Hopkins et al, 1955). Beneath peat
and organic layers, it is likely that mixed silt, sand, and
gravel associated with the floodplain predominate.

This alluvium has been characterized by wide hetero-
geneity in both spatial extent and lithology (Ceder-
strom, 1963), with no individual deposits more than 5
m thick, and typically much less. Depth to bedrock
beneath the alluvial plain in Fairbanks area is greater
than 100 m (Cederstrom, 1963). Thermokarst bogs,
common in the region, are in localized depressions
typically bordered by forest over permafrost (Douglas
et al, 2016; Jones et al, 2013). Fens in the area are
often associated with ground water discharge (Racine
and Walters, 1994).

METHODS

Data Acquisition

ERT surveys were conducted in both early June
(prior to a major rain event) and September 2014
(Table 1). The timing of these surveys was intended to
capture the effects of seasonal thaw through one
summer. Surface-based 2D resistivity surveys used a
SuperSting R8 (AGI, Austin, Texas, USA) and cable
with 56 electrodes at 2 m spacing. Profile P1 was
collected with two individual ERT surveys (Pla, P1b)
overlapping by about 6 m. Short overlaps were used in
this study to minimize ground disturbance while
maximizing ground coverage. Profile P2 was collected
partly along an access boardwalk and was divided into
segments (P2a, P2b) with no overlap. A navigation
error along the P2a segment in September resulted in
a slightly different starting point, about 18 m further
west compared to June. The fen site profile P3 was
divided into two segments (P3a, P3b) overlapping by
about 40 m. Locations for the start and end of each
segment were determined using a handheld GPS. Each
profile was surveyed using a dipole-dipole (DD) array
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Bedrock
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Figure 3 Conceptual profile of landscape and geologic features associated with the profile lines P1, P2, and P3. Photographs from sites are shown.
The vertical scale is exaggerated relative to horizontal. See text for details on depth to and thickness of geologic features.
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Table 1  List of survey locations and times.

Site Profile Segment Months surveyed Start latitude Start longitude End latitude End longitude
Bog Pl a June 64.69530 —14832145 64.69476 —148.31952
b June 64.69557 — 14832353 64.69527 — 14832135
«“ P2 a June, September 64.69748* —148.32342* 64.69663 —148.32280
b June, September 64.69663 —148.32280 64.69615 —148.32070
Fen P3 a June, September 64.70283 —148.31308 64.70175 —148.31283
b June 64.70217 —148.31293 64.70118 —148.31272

*starting location for P2a in September was 64.69747 N, —148.32378 W

with a max n-spacing of 7. Thaw depth was directly
measured along P2 profile in September using a frost
probe. These late summer thaw depths are presumed
to represent the active layer depth.

Because of the challenge of high resistivity
associated with permafrost terrain we employed
several electrode array types in September to compare
results. During repeat surveys of profile P2 in
September, two additional array types were used and
compared: extended dipole-dipole (E-DD), and Wen-
ner-Schlumberger (W-S). One benefit of multi-elec-
trode systems is that many array types can easily be
selected (Loke et al, 2013). The dipole-dipole (DD)
array typically has a relatively fast acquisition time, and
better horizontal and depth resolution than a Wenner
array, but high ground resistance can limit the
effectiveness of the DD array due to weak signal
strength (Kneisel, 2006), and Wenner-type arrays are
used in some permafrost studies (Briggs et al, 2017,
Lewkowicz et al, 2011). The Wenner-Schlumberger
(W-S) array can be a compromise between DD and
Wenner arrays (Kneisel, 2006). Extended dipole-
dipole (E-DD) is a modified DD array selected as an
option in the AGI command file with about twice the
amount of apparent resistivity data points.

A contact resistance test was preformed prior to
each survey. Contact resistance values at the bog site
in June were sometimes high (5,000-10,000 ohms),
typically where spikes were driven into ice or icy
material. This high resistance was expected to
decrease overall data quality due to lower electric
current injected into the ground, in turn producing a
lower signal-to-noise ratio. September values at the
bog site were usually <5000 ohms, and values for the
fen site were <2,500 ohms for both June and
September surveys.

Data Analysis Methods

Data analysis was performed with AGI EarthImager
2D Version 2.4.4 (Build 649). Transitions from
permafrost to thaw were expected to create sharp
spatial contrasts in resistivity (Lewkowicz et al, 2011,
Loke et al, 2003), and high-resistivity permafrost was
expected to give a lower signal-to-noise ratio relative
to unfrozen ground , so robust inversion method was
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used because it performs better with such boundaries
and noisy data (AGI, 2009). Typically, 6-8 iterations
were performed with a resulting RMS in the range of
5-10%, which is typical in a permafrost environment
(Minsley et al, 2016; Swarzenski et al, 2016). Time
lapse inversions were carried out using difference
inversion (AGI, 2009), which combines the inversion
of the base dataset (June) and the monitor dataset
(September) in one step. The results of the time lapse
inversions are given as percent difference in resistiv-
ity. The models in this study were not adjusted for
changes in ground surface elevation, however there is
little change in elevation (< 3 m) across the segments
at the sites and little microtopograpy (Chivers et al.,
2009).

To assess the reliability of the results, we
examined the relative model sensitivity for our
inversions and considered data assessment results
from other studies in similar settings. The relative
model sensitivity gives semi-quantitative assessment of
data reliability, with higher values indicating more
reliable results. Relative model sensitivity sections
generated using EarthImager 2D are overlaid on the
associated inverted resistivity sections. Results from
studies in similar lowland permafrost settings using
surface-based ERT and 1-2 m electrode suggest that
data may typically be useful to a depth of 5-10 m
(Briggs et al, 2017; Minsley et al., 2016; Oldenborger
and LeBlanc, 2018).

Landform and Vegetation Zones

The approximate boundaries of vegetation zones
or thermokarst bog versus permafrost plateau were
interpreted by a combination of field observations
along the ERT profiles, visual inspection of satellite
imagery using Google Earth Pro (version 7.3.0.3832),
and data from other reports (2017; Manies et al,
2016). The approximate location of the break
between hillslope and floodplain at the bog site was
determined using data from hand-held GPS, a USGS
topographic map (FAIRBANKS C-3 NW, AK 2013
Quadrangle), and terrain viewed using Google Earth
Pro.
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layer soils are typically unfrozen and permafrost
temperature is near 0 °C (Jorgenson and Osterkamp,
2005). Thus, the high resistivity values (>1000 ohm-
m) observed in this study represent frozen, ice-rich
material. It is important to note, however, that the
changes in resistivity from >1000 ohm-m down to 200
ohm-m are not necessarily an indicator of thaw, as
resistivity of saturated frozen material can decrease
nearly an order of magnitude from —2 to 0 °C in peat
and silt with varying organic content that are
characteristic in the subsurface of the study area
(Hoekstra et al, 1974). This range reflects the
presence of unfrozen water, and modeling studies
and observations of subsurface in Bonanza Creek area
show that unfrozen water can exist both in the frozen
active layer and near-surface permafrost (Minsley et
al., 2016; Romanovsky and Osterkamp, 2000). This
unfrozen water can decrease resistivity and may be an
indicator of permafrost vulnerability and evolution
(Oldenborger and LeBlanc, 2018). Material with
resistivity <200 ohm-m is very likely thawed in this
setting.

RESULTS AND DISCUSSION

Permafrost Distribution and Vegetation
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Figure 4  Upper: profile across the southern part of the bog site,
divided into Pla and P1b segments, shown by blue hatched lines.
Hatch marks and values denote distance in meters. Dotted lines
show approximate boundaries between thermokarst bog and
permafrost plateau. Map Imagery from Google Earth Pro, imagery
date: 6/1/2017, image credit Landsat / Copernicus. Lower:
vegetation types and inverted resistivity sections with model root
mean square (RMS) error for P1a and P1b in June 2014. Colors on
sections indicate resistivity, and dashed contour lines show order of
magnitude changes in relative model sensitivity.

Resistivity as an Indicator of Frozen Material

Unfrozen resistivity of water-saturated peat and
other unconsolidated material is mainly dependent on
the saturating fluid resistivity, and to a lesser extent on
water saturation (Ponziani et al, 2012). Resistivity in
such material increases exponentially at the freezing
point of water until the pore water is frozen (1975;
Hoekstra et al, 1974), however some pore water can
remain unfrozen at subfreezing conditions even at
relatively low temperatures (Hauck, 2002; Oldenborg-
er and LeBlanc, 2018). Resistivity of frozen, saturated
material is also dependent on ice volume and
temperature (Hoekstra et al, 1975). At the end of
the growing season (September) in this region, active
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Differences in vegetation or landscape type reflect
the presence or absence of shallow permafrost in this
study. This relationship is definitively shown over
hundreds of meters in the bog area by ERT data. The
P1 profile across the bog site (Fig. 4) represents
alternating thermokarst (collapse scar) bog and
forested permafrost plateau (intact surface perma-
frost). The Pla segment runs across several transitions
between thermokarst bog and permafrost plateau, and
the P1b segment runs from thermokarst area into an
area predominantly of sparse, stunted black spruce
permafrost plateau. The bog areas along this profile
are underlain by less resistive (<1000 ohm-m)
material, at times with large thaw features with
resistivity <200 ohm-m down to 5 m depth. In
contrast to this low-resistivity area, the area of stunted
black spruce is characterized by highly-resistive ice-
rich material very nearly to the surface that was
observed when installing metal spikes for the resistiv-
ity electrodes.

The changes with landscape type and resistivity
are also observed moving from the edge of the
hillslope (toeslope) onto the floodplain. Moving from
northwest to southeast on the P2 profile of the bog
site (Fig. 5), the P2a segment begins in spruce forest
on the toeslope (Picea mariana and P. glauca) and
ground elevation lowers slightly as it transitions into
floodplain permafrost plateau. The P2b segment
begins in that permafrost plateau and continues into
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Figure 5 Upper: Profile across the northern part of the bog site,
divided into P2a and P2b segments, shown by blue hatched lines
showing distance in meters. P2a in September had a slightly
different trend than in June. Dotted lines show boundaries between
hillslope, thermokarst bog, and permafrost plateau. Imagery from
Google Earth Pro, imagery date: 6/1/2017, Landsat / Copernicus.
Lower: vegetation types and inverted resistivity sections with model
root mean square (RMS) error for P2a and P2b in June 2014.
Colors on sections indicate resistivity, and dashed contour lines
show order of magnitude changes in relative model sensitivity.

an area of alternating thermokarst bog and forested
permafrost plateau.

As with P1, the open bog areas along P2b are
thermokarst bog, with large thaw features with less
resistive (Ze., unfrozen) material to a depth of 5-10 m
that represent collapse scar features and the replace-
ment of permafrost plateau by open bog (Jones et al,
2013), and the forested permafrost plateau with stunted
black spruce is underlain by more resistive material
likely representing permafrost (Fig. 5). Since 2014, the
area on P2b from about 50-72 m has had spruce dieback
and collapsed into bog. This area was slightly less
resistive (<3,000 ohm-m) from 0-3 m depth compared
to much of the 0-50 m distance along the P2b segment,
potentially indicating a precursor to ground instability
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and thaw. Thus, the ERT survey is potentially useful in
showing permafrost vulnerable to collapse or in the
process of collapsing, but multi-annual time-series ERT
data in degrading permafrost plateau environment are
needed to fully explore this idea.

Differences in subsurface resistivity across the
vegetation gradient profile at the fen site are subtler
than those at the bog site. The P3 segment begins in
black spruce permafrost forest with feather moss and
lichen ground cover, and then transitions into low
shrub consisting of stunted birch, willow, and aspen.
From there grass tussocks are the predominant feature
until again there is a transition to emergent fen, and
then finally a rich fen with predominantly sedge (Fig.
6). This vegetation gradient reflects a gradient of soil
moisture conditions related to water table position and
drainage (Manies et al, 2016; McConnell et al, 2013;
Waldrop et al, 2012). The near surface (0-5 m) in the
forest is less resistive than the sparse shrub area, and
this difference likely represents shallower depth to
seasonal ice-saturated material in the low shrub area,
ice content changes, or soil composition changes. The
near surface in the emergent fen is somewhat less
resistive than the rest of the P3a profile, likely
representing being submerged much of the year, and
the rich fen shows large thaw feature.

The relationship between shallow permafrost and
vegetation type was also demonstrated in the nearby
Tanana Flats Lowland by Douglas et al (2016). Thus,
vegetation is strong indicator of shallow permafrost
across the Tanana Valley floodplain. In addition, the
results show that thaw depths in the thermokarst in
this area are typically about 5 m. Vegetation is less
useful for assessing the distribution of this deeper
permafrost (Douglas et al, 2016). This information is
valuable, because the upper 1-2 m of the wetland sites
in this study are fairly well characterized by coring
(2017; Manies et al, 2016), but little information is
available for greater depths. This information is also
valuable because it is an indication of the depth to
which carbon storage may be affected, potentially
through the mobilization of dissolved organic carbon
from thawing material (Drake et al, 2015; Wickland ez
al., 2018). Overall, permafrost appeared to be present
at some depth beneath all the bog area sites, and along
the P3a segment of the profile at the fen site. This is
consistent with previous observations noting the
depth to permafrost as 1.5-6 m along the edge of
the alluvial plain north of the Tanana River (Hopkins et
al., 1955).

Late Summer Survey Results (September) and
Seasonal Changes

An analysis using time lapse inversion of the June
versus September surveys along the P2a, P2b, and P3a
segment (Fig. 7) shows there is a general change to
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Figure 6  Upper: vegetation gradient profile across the fen site,
divided into P3a and P3b segments, shown by blue hatched lines.
Segments overlap by 36 m. Hatch marks and values denote
distance in meters. Dotted lines show boundaries between
vegetation gradient areas. Imagery from Google Earth Pro,
imagery date: 6/1/2017, image Landsat / Copernicus. Lower:
vegetation types and inverted resistivity sections with model root
mean square (RMS) error for P3a and P3b in June 2014. Colors on
sections indicate resistivity, and dashed contour lines show order of
magnitude changes in relative model sensitivity.

lower modeled resistivity values (resulting in a
negative value for percent difference of resistivity)
from the surface to a depth of about 5 m along most of
the segments. The P3b segment area was flooded in
September, and a repeat survey was not performed
there. This change in part reflects the thawing of the
active layer, although as discussed later this thaw is
typically limited to the upper 1 m. The persistence of
observed changes beyond 1 m depth may be the result
of changes in unfrozen water content beneath the
active layer, and potentially changes in water satura-
tion because of record summer precipitation levels, or
potentially measurement or inversion artifacts due to
the highly resistive environment. Although changes in
resistivity and frozen water content occurring several
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Figure 7  Time lapse inversion models with model root mean square
(RMS) error for June to September along the P2a, P2b, and P3a
segments. Colors on sections indicate percent difference in
resistivity and dashed contour lines show order of magnitude
changes in relative model sensitivity. Vegetation types for each
segment are shown for reference.

meters below the active layer have been observed in
other settings where permafrost is near 0 °C (Hauck,
2002; Hilbich et al., 2011; Oldenborger and LeBlanc,
2018), for our study we must acknowledge the
possibility that the observed change may be mostly,
or in part, a result of measurement difficulties, e.g, the
high contact resistance encountered in June P2
surveys. Observed increases in resistivity at > 6 m
depth are associated with relatively low model
sensitivity, and thus less reliable data and are
presumably modeling artifacts.

Array Comparisons

The inversion models from the various array
produced minor differences. These differences in-
cluded the thickness of some near-surface (0-5 m)
low-resistivity areas, and the presence or absence of
features. For example, in the P2a array comparisons
(Fig. 8) from 0—40 m distance a modeled resistivity of
<500 ohm-m occurs to a depth of 10 m with DD, but
only to 2 m with W-S. A similar example is in the P2b
array comparison (Fig. 9) beneath the bog area from
80-100 m distance. Another example is a relatively
low resistivity spot in P2b at 40 m distance and 8 m
depth that is present in DD and E-DD but absent in the
W-S results.

Many of the minor differences observed between
DD, E-DD, and W-S surveys are likely related to data
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Figure 8 Inverted resistivity sections with model root mean square

(RMS) error for the P2a segment in September using three array
types: dipole-dipole (DD), extended dipole-dipole (E-DD), and
Wenner-Schlumberger (W-S). Colors on sections indicate resistivity,
and dashed contour lines show order of magnitude changes in
relative model sensitivity. Vegetation types for the segment are
shown for reference.

collection and processing, and reflect overall data
quality, inversion settings, and model sensitivity with
depth. For example, there were fewer data layers from
0-3 m depth (Z.e, across the active layer) in from the
W-S survey compared to DD or E-DD, but signal
strength was typically much higher with W-S. Resolu-
tion of the above-mentioned differences based on
array type remain to be matched with other geophys-
ical data or ground-truthing and investigated with
forward modelling techniques. Major features in near
surface, such as those associated with forested
permafrost plateau versus bog and the deep thaw at
the bog site P2b segment from 80-100 m, are similar
across all the DD, E-DD, and W-S results. Despite the
potential issue of highly-resistive permafrost limiting
effectiveness of DD array (Kneisel, 2000), for studying
relatively shallow features associated with landscape
evolution at this site there appears to be no clear
advantage in the results using the E-DD or W-S array.
Consequently, the relatively fast acquisition time of
DD array gives it preference.

Active Layer Depth

Although the ERT data collected here are useful in
identifying general permafrost distribution, especially
as far as areal extension, our methods were not ideal
for precisely defining active layer depth. Thaw depth
measurements were made using a frost probe across
the bog site throughout June to September 2014, but
measurements in direct association with the ERT
profiles were limited to profile P2 in September. Late
summer (September) thaw depth measurements are
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Figure 9 Inverted resistivity sections with model root mean square
(RMS) error for the P2b segment in September using three array
types: dipole-dipole (DD), extended dipole-dipole (E-DD), and
Wenner-Schlumberger (W-S). Colors on sections indicate resistivity,
and dashed contour lines show order of magnitude changes in
relative model sensitivity. Vegetation types for the segment are
shown for reference.

considered to best capture active layer depth. In June
2014 probe depths within the forest hillslope area
were approximately 25 cm and increased to 50 cm in
mid-August. In September, along the first 10 m of the
P2a segment probe depths were 80-130 c¢m, then 60
* 7 cm for measurements along the rest of the
segment. In the bog area, the probe depths in June
also averaged 25 cm, thawed out to >200 cm by the
beginning of July, such that the depth to mineral soil
in the September trip was approximately 150 cm.
Frost probe depths taken along the P2b segment in
September were 59 = 8 cm for 0-50 m along the
segment, increasing in depth to about 70 cm for 60-80
m, and >200 cm from 100-110 m. Frost probe thaw
depth measurements at the fen site were not
measured in 2014, but in previous years active layer
depth measurements showed that only the black
spruce forest and low shrub contained permafrost
with active layer depths generally less than 50 cm
(Waldrop et al., 2012). Observed summer thaw depths
up to 1 m are reported for the rich fen area (Kane et
al., 2010) and elsewhere in the alluvial plain of the
Tanana River (Hopkins et al, 1955).

The depth to frozen material, and by extension the
depth of the active layer, is not generally expected to
be well-resolved with ERT because this depth is not
uncommonly <100 cm and there were few very near-
surface ERT data layers in our surveys. For example,
the shallowest three data layers for the DD and E-DD
surveys were at z = 1.0 m, 1.5 m, 2.0 m, and the
shallowest two layers for W-S are at z=1.3 m and 2.5
m. Thaw depth estimates using ERT data can be made
by using typical minimum estimates of 600-1000 ohm-
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m for permafrost resistivity in the Fairbanks area
(Douglas et al., 2016). However, data on resistivity on
saturated soils of the Fairbanks area show that both
Fairbanks Loess and silt with substantial mineral
content can have a lower resistivity (200600 ohm-
m) than peat (600 ohm-m) at temperatures very near
0 °C (Hoekstra et al, 1974). At the bog site, a peat to
mineral soil transition occurs in in the top 1-2 m
(Manies et al, 2017). In addition to data resolution
issues described above, the difficulty in precisely
resolving active layer depth using ERT would also
involve a detailed understanding of the soil profile
characteristics. Thus, investigation and resolution the
active layer is likely better achieved using a frost
probe in our study area and other areas with thaw
depths < 1 m. Briggs et al. (2017) compared electrical
resistivity data collected in a permafrost landscape
using both 2.0 m and 0.5 m electrode spacing and
found that data from the latter spacing greatly
improved the matching with frost probe data from
< 2 m, however the depth of investigation using that
closer electrode spacing was limited to 3 m.

Small-scale Subsurface Variability and Hydrologic
Connections

The resistivity data did not appear to conclusively
highlight any lithological differences, such as sand or
gravel layers. Such layers might serve as hydrologic
connections as permafrost thaws and talik forms. A
previous investigation of saturated organic soils of
the Fairbanks area suggests that the range of
resistivity as a function of temperature observed in
some peat samples spans that observed in saturated
sand and gravel over similar temperatures (Hoekstra
et al, 1974). Saturated sand and gravel can have
higher resistivity across a range of temperatures than
Fairbanks Loess, but could perhaps be comparable
when there is substantial organic matter content in
the silt (Hoekstra et al, 1974). Although sand and
gravel layers are expected to occur in this study area
based on generalized cross sections (Douglas et al,
2014) and information from elsewhere on the
floodplain (Cederstrom, 1963), the contrast in
resistivity may be too small to resolve, or their
occurrence at depth may be masked by high-
resistivity of the near-surface.

CONCLUSION

Overall, the results highlight the utility of ERT
surveys to rapidly characterize permafrost distribu-
tion and thaw features in permafrost peatlands in
Interior Alaska. The data show that shallow (0-10 m)
permafrost distribution is reflected in vegetation
composition, but important characteristics are also
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detected: that of permafrost being thawed from
below, permafrost nearing collapse, and surface
features creating new water tracks or wetlands.
Showing the relationship between shallow perma-
frost and vegetation is important in this area because
it is ecologically sensitive, and ground-truthing can
cause excessive disturbance, whereas vegetation can
be mapped from aerial surveys or remote sensing
(Douglas et al., 2016). We believe our observation of
shallow (0-3 m depth) low resistivity permafrost in
forested permafrost plateau were potentially indicat-
ing the presence of greater unfrozen water content
and thus can be used as an indicator to ground
instability and thaw. Time-lapse study of June to
September suggested a depth of seasonal influence
extending several meters below the active layer,
potentially as a result of changes in unfrozen water
content. Characterizing the depth of thaw and
thermal influence from the surface in thermokarst
areas provides important information as it is an
indication of the depth to which carbon storage and
microbially-mediated carbon processing may be
affected. A comparison of several electrode geome-
tries (dipole-dipole, extended dipole-dipole, Wenner-
Schlumberger) suggested that for depths of interest
to our study (0—10 m) results were similar, but data
acquisition time with dipole-dipole was the shortest,
making it our preferred method for the site.
Resolution of the active layer (typically <100 cm)
was better achieved using a frost probe in our study
area compared to the use of ERT. But ERT allows for a
detailed understanding of the distribution and vul-
nerability of permafrost deeper in the soil profile.
Multi-year observations along the same transects will
allow us to discern whether hypotheses of vulnerable
permafrost made from ERT data are supported or not.
Studies by others combining state-of-the-art geophys-
ical techniques and soil monitoring are currently
underway at the Bonanza Creek site (James et al.,
2019a; 2019b)
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