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Abstract We have developed a surface-towed electric dipole-dipole system capable of operating
in shallow water and deployable from small vessels. Our system uses electromagnetic energy from a
modulated manmade source to interrogate the underlying resistivity structure of the seafloor. We used
this system in the summers of 2014 and 2015 to map subsea ice-bearing permafrost on the Beaufort shelf
along 200 km of coastline, from Tigvariak Island to Harrison Bay. Permafrost is resistive and was found to be
anisotropic, likely due to interbedded layers of frozen and unfrozen sediment. Maps of depth to permafrost
and its thickness were produced from electrical resistivity inversions and results compared to borehole logs
in the area. We observed elevated resistivity values offshore the Sagavanirktok River outflow, supporting the
idea that fresh groundwater flow has a preserving effect on submerged permafrost. This system provides
a cost effective method that could be used to further quantify permafrost extent, provide a baseline for
measurements of future degradation, and provide observational constraints to aid in permafrost modeling
studies.

1. Introduction

Over one third of the world’s coastlines are underlain by permafrost (Lantuit et al., 2012) capable of storing
a considerable amount of organic carbon. A small portion of coastal permafrost has been submerged since
the last glacial maximum due to a 100-m relative sea level rise over the last 20,000 years (Hill et al., 1985).
The submerged relict subsea permafrost constitutes a small percentage of global permafrost; however, it is
more climatically unstable and has the potential to release methane gas into the atmosphere due to its stored
organic carbon and destabilization of any associated gas hydrates (Collet et al., 2011; Ruppel, 2011). Establish-
ing an accurate map of the current extent of subsea permafrost will allow us to monitor its future degradation
and provide observational input to modeling studies regarding permafrost processes.

Permafrost is defined as ground that has been below 0 ∘ C for at least 2 years (Osterkamp, 2001). At these
cold temperatures any fluid in the pore spaces begins to freeze and forms ice-bearing permafrost. When
the ice saturation increases to about 40%, the ice and sediment grains begin to cement together and form
ice-bonded permafrost (Brothers et al., 2012). Average annual ocean temperatures in the Arctic are below
0 ∘ C, which makes Arctic marine sediments permafrost under this traditional definition; as a result, the
generally accepted definition of marine permafrost is the presence of ice in marine sediment. Geophysi-
cal methods are sensitive to permafrost containing ice, which will be referred to as IBPF (ice-bearing and
ice-bonded permafrost) to remind the reader that we are not mapping temperature but a combination of
IBPF. Replacing fluid with ice in pore spaces results in an increase in the bulk electrical resistivity value, which
is the strongest and most reliable indicator of IBPF and used to determine the presence of IBPF in well logs
(Collett et al., 1989; Ruppel et al., 2016). We take advantage of this resistivity signature and use a surface-towed
controlled-source electromagnetic (CSEM) method to map the extent of subsea IBPF on the Alaskan Beaufort
shelf near Prudhoe Bay.

Subsea permafrost is a challenging prospect to map, and historically mapping techniques have been limited
to drilling boreholes and seismic surveys. Drilling boreholes is expensive, technologically challenging, and
only provides data at one point. Although the vertical resolution of a borehole is high for that one location,
well logs do not characterize lateral changes. Seismic data can detect the transition to IBPF permafrost in
coarse-grained sediments (Brothers et al., 2012, 2016); however, the inverted velocity contrast and diffuse
transition at IBPF’s base can make seismic detection difficult. In contrast, the CSEM technique is sensitive to

RESEARCH ARTICLE
10.1029/2018JB015859

Special Section:
The Arctic: An AGU Joint
Special Collection

Key Points:
• Maps of depth to top of subsea

permafrost, its thickness, and its
peak resistivity are produced and
compared to offshore borehole data

• Ice-rich permafrost appears to be
anisotropic, likely due to interbedded
layers of frozen and unfrozen
sediment

• Permafrost extends the gas hydrate
stability zone to between 500 and
1,200 m below the seafloor

Correspondence to:
D. Sherman,
jesherma@ucsd.edu

Citation:
Sherman, D., & Constable, S. (2018).
Permafrost extent on the Alaskan
Beaufort shelf from surface-towed
controlled-source electromagnetic
surveys. Journal of Geophysical
Research: Solid Earth, 123.
https://doi.org/10.1029/2018JB015859

Received 31 MAR 2018

Accepted 3 AUG 2018

Accepted article online 10 AUG 2018

©2018. American Geophysical Union.
All Rights Reserved.

SHERMAN AND CONSTABLE 1

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://orcid.org/0000-0002-9864-7931
http://orcid.org/0000-0001-6324-3470
http://dx.doi.org/10.1029/2018JB015859
http://agupubs.onlinelibrary.wiley.com/hub/issue/10.1002/(ISSN)2169-9356/specialSection/ARCTICJOINT
https://doi.org/10.1029/2018JB015859
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JB015859&domain=pdf&date_stamp=2018-09-22


Journal of Geophysical Research: Solid Earth 10.1029/2018JB015859

the top of IBPF, its base, and the electrical resistivity value gives an indication of ice saturation in the sediment
pore spaces (e.g., Edwards et al., 1988).

Other EM methods have been used to map onshore permafrost (e.g., Daniels et al., 1976), and a few studies
have used time-domain EM methods to obtain 1-D soundings through offshore winter ice in Arctic environ-
ments (Edwards et al., 1988; Koshurnikov et al., 2016). The advantage of our surface-towed system is that it is
capable of continuously collecting data as the towing vessel moves; resulting in widespread and consistent
data coverage ideal for creating 2-D profiles. Using our surface-towed system we obtain depths to the top of
IBPF, its resistivity, and its thickness along 200 km of coastline. We compare our results with borehole data in
the area.

2. CSEM Survey

Data were collected using the Porpoise system described in Sherman et al. (2017), a surface-towed CSEM sys-
tem suitable for use on the shallow Arctic shelf. The survey was split into 2 years: In the first year we used
a 50-m electric transmitter antenna and output 30–40 amps, and in the second year the transmitter was
updated to produce a constant 40-amp output on a 45-m antenna. Both years we transmitted a 1-Hz funda-
mental waveform-D (Myer et al., 2011) to four Porpoise receivers that measured inline electric fields at 250-,
500-, 750-, and 1,000-m offsets.

Data collected by the Porpoise receivers are complex electric field measurements, which we represent as
amplitude and phase. The time series data were Fourier transformed in 1-s windows and then averaged over
60 windows (1-min intervals), increasing statistical reliability and providing an estimation of the uncertainty
on each data point (Myer et al., 2011). All odd harmonics from 1 to 33 Hz were processed, though only the
highest powered harmonics were used in inversions. A transmitter timing error from the first year resulted in
unusable phase data, but amplitude data from this year is still of high quality. The transmitter timing error
was fixed, and a timing pulse was added to the receivers the second year to provide an accurate timing drift
correction for phase data.

Water depth was recorded by the ship’s echosounder and a conductivity-temperature-depth (CTD) package
was towed alongside the vessel while transmitting. When towing into deeper water (>8 m) the CTD was
lowered to the seafloor to record a conductivity and temperature profile. Sea water resistivity, the inverse of
conductivity, was variable near the surface (typically between 0.3 and 0.5Ωm) and more stable at depth (near
0.4Ωm). Bathymetry information was included in the inversion mesh, and seawater resistivity was left as a free
inversion parameter, bounded by the CTD measurements. The shallow water depths made the ocean layer
too thin to efficiently mesh, which prevented us from using the CTD measurements to directly capture lateral
changes.

Survey lines are shown in Figure 1 and are labeled for future reference in this manuscript. Due to the 1-km
length of our surface-towed array, we could not tow through densely packed sea ice, which restricted our
data collection. The ice pack in both years prevented us from towing beyond the seismically inferred edge of
permafrost (Brothers et al., 2012, 2016), and instead we focused our efforts on expanding coverage along the
coast to characterize lateral variation in permafrost coverage within the barrier islands.

3. Inversion Results

We use our amplitude and phase data as inputs to an inversion algorithm that finds a model of Earth’s resis-
tivity capable of producing the measured electric fields. The forward problem is one in which we know the
electrical resistivity structure of the Earth and we calculate the electric fields present at the surface. Solutions
to the forward problem are complex, but the result is based on the physics of the problem and therefore has
a unique solution. The inverse problem is the opposite of the forward problem; it is a mathematical approach
to find a model of Earth’s resistivity structure given the collected data, and it does not have a unique solution.
Regularization and user-imposed constraints stabilize the inversion and allow us to choose one model out of
an infinite number of possible solutions.

All inversions were done using Kerry Key’s MARE2DEM code (Key, 2016), a finite element code that uses adap-
tive mesh refinement and is based on the Occam inversion algorithm (Constable et al., 1987). An Occam
inversion finds the smoothest, or simplest for a given definition, model that fits the data to a specified mis-
fit. We present two examples of inversions here: one that is a shore-perpendicular tow and another that is
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Figure 1. Map of survey lines from both years of data collection. Inversion results of Tow 2 and Tow 3 are shown in
Figures 2 and 4. The resistivity log of Badami 2 is shown in Figure 5 and compared with electromagnetic results. Vertical
profiles from controlled-source electromagnetic models are compared to Thetis, Beechy Point, West Mikkelsen 2, and
Badami 2 boreholes in Figure 6.

shore parallel and crosses the Sagavanirktok River outflow. For all inversions in this manuscript, we used data
(amplitude for 2014 and amplitude and phase for 2015) for frequencies of 3, 7z, and 13 Hz at offsets of 250,
500, 750, and 1,000 m. Model residuals are plotted in Figures 2 and 3 for all offsets and frequencies.

Tow 2 from 2014 is an 8-km-long shore-perpendicular tow offshore the Sagavanirktok River outflow and spans
water depths of 3 to 8 m, terminating just short of the barrier islands. Figure 2 shows the isotropic resistivity
model resulting from inversion of amplitude data. Inline distance from the start of the line is on the horizontal
axis (0 km inline is nearest shore), and depth is on the vertical axis. Resistivity is shown on a logarithmic color
scale from 1 to 1,000 Ωm. On this color scale cooler colors represent higher resistivities, which we interpret
to be IBPF. Red colors are consistent with unfrozen sediment, while blue is consistent with high-saturation

Figure 2. (first panel) Bathymetry profile along Tow 2. (second panel) Resistivity model from an amplitude-only isotropic
inversion of the shore-perpendicular-line Tow 2 from 2014. The inversion fits data to a root mean square of 1.5 with a
3% noise floor. (third panel) Data fits to model results for all four porpoises at 7 Hz. Data with error bars are plotted in
blue, and the model response is plotted in red. (fourth panel) Normalized residual plot for all offsets and all frequencies.
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Figure 3. (top) Normalized amplitude residuals for all inverted offsets and frequencies. (bottom) Normalized phase
residuals for all inverted offsets and frequencies. Thirteen hertz at 1,000-m offset (P4) was not inverted due to low
signal-to-noise ratio.

IBPF. The inversion fits the data to a root mean square (RMS) of 1.5 with a 3% noise floor. A 3% noise floor was
chosen to account for expected navigation errors.

The thickest and highest resistivity permafrost is located nearshore, where it was most recently submerged,
with peak resistivities of over 1,000 Ωm and a thickness of over 350 m starting at 100-m depth. The IBPF layer
thins as distance from shore increases, primarily from the bottom up, until near the end of the line (about
6.5 km inline) when the depth to its top increases to 200 m.

The second inversion, Tow 3 shown in Figure 4, is a shore-parallel line that was collected in 2015 and crosses
Tow 2. The crossing points are labeled in Figures 2 and 4, and the models both indicate permafrost thick-
nesses within 50 m of each other. At the crossing point the IBPF is thinner with resistivities of several hundred
ohm-meters.

An isotropic model of Tow 3 was unable to simultaneously fit amplitude and phase data to better than an RMS
of 2.6 with a 3% noise floor and produced biased residuals that were both frequency and offset dependent.
Phase residuals increased with offset and frequency until they were equal to about eight standard deviations.
We instead used a transverse anisotropic model that allows horizontal resistivity to differ from vertical resis-
tivity. Figure 4 is split into three panels: The top panel is horizontal resistivity (𝜌y), the middle panel is vertical
resistivity (𝜌z), and the bottom panel is the anisotropy ratio (𝜌z∕𝜌y). The axes and color scale are the same as
in Figure 2, with the exception of anisotropy ratio that is on a linear scale from 1 to 20. The anisotropic inver-
sion fit Tow 3 amplitude and phase data to an RMS of 1.2 with a 3% noise floor. Model residuals are shown in

Figure 4. Anisotropic resistivity model for shore-parallel line, Tow 3 from 2015. Amplitude and phase anisotropic
inversion, fits data to an root mean square of 1.2 with a 3% noise floor. (top) Horizontal resistivity. (middle) Vertical
resistivity. (bottom) Anisotropy ratio.
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Figure 3. Gaps in data at the short (250 m) offset occur because of amplifier clipping and gaps at longer offsets
are due to low signal-to-noise ratios.

Our interpretation of Figure 4 is that the slight elevation of horizontal resistivity at shallow depths (between
100 and 300 m) is consistent with low-saturation IBPF and is followed by a layer of more conductive material,
consistent with unfrozen sediment. Vertical resistivities below the top thawed layer range from 40Ωm to over
1,000Ωm and are consistent with intermediate to high saturation IBPF. The combination of high vertical resis-
tivity and a reduced horizontal resistivity produces anisotropy values higher than 10. This type of anisotropy
is to be expected if the IBPF consisted of interbedded layers of unfrozen and frozen sediment too thin to be
individually resolved by the CSEM method.

Initial freezing is controlled by sediment type and pore size. Coarser-grained material such as sands freeze first
because ice crystals preferentially form in larger pore spaces, while clays inhibit ice formation (King et al., 1988).
As a layer of coarse-grained sediment first freezes, any salt ions would be excluded, making the remaining
unfrozen layers brinier than the original pore fluid and inhibiting further ice formation. Brine exclusion could
account for the decrease in horizontal resistivity near the base of the IBPF layer. Such lithological control over
permafrost distribution has been noted by Osterkamp and Payne (1981) as an explanation for both its lateral
and vertical variations.

Tow 3 crosses the Sagavanirktok River outflow at about 10 km inline, which is where the resistive IBPF layer
begins to shallow. This suggests that freshening of pore fluids from groundwater flow may be acting to pre-
serve the shallow relict permafrost (Frederick & Buffett, 2015). Most of the year the ocean water is below the
freezing point of fresh water, as is the underlying permafrost. Because fresh water freezes at warmer tem-
peratures than salt water, an influx of fresh groundwater into previously thawed pore fluids may freshen the
pore fluids enough to freeze. Since thawing of the permafrost from the top down is due both to conduction
and saltwater intrusion, freshening of the shallow pore fluids due to river outflow would decrease the influ-
ence of salt intrusion and possibly slow the top-down thawing mechanism, especially at lower ocean-bottom
temperatures when salt intrusion dominates.

4. Comparison With Offshore Boreholes

We can validate our method by comparing our results to offshore borehole data in the area. Figure 5 shows the
resistivity log from the Badami 2 borehole along with calculated vertical and horizontal resistivities, anisotropy
ratio, and ice saturation. In Figure 5 areas of intermediate and high-saturation IBPF are highlighted as in
figures from Ruppel et al. (2016); high-saturation sections are defined by resistivities exceeding 100Ωm, while
intermediate saturations are taken to be sections with resistivities exceeding 10 Ωm.

The well log shown is an IDER log (deep enhanced phasor induction). Induction resistivity logs are sensitive to
conductivity and thus saturate at high resistivities (low conductivities). The measurement technique is direc-
tional and measures the conductivity normal to the tool or horizontal conductivity. Vertical resolution of the
enhanced well logs is about 1 m.

The well log’s fine vertical resolution is well below what can be resolved using our CSEM method. For com-
parison with our anisotropic inversion results, we use equivalent circuits to estimate horizontal and vertical
resistivity over a constant 50-m smoothing window that approximates the resolution of our CSEM method.
Vertical resistivity is the sum of layer resistance in series, while horizontal resistivity is given by the sum of layer
resistance in parallel. Mathematically, this is written as

𝜌v = 1
T

N∑
i=1

𝜌iti

and

1
𝜌h

= 𝜎h = 1
T

N∑
i=1

𝜎iti,

where t is the thickness of each layer, T is the thickness of the smoothing window, N is the number of layers
in the moving window, 𝜌i is the resistivity of each layer, and 𝜎i = 1∕𝜌i is the conductivity of each layer.
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Figure 5. Offshore well log Badami 2. (a) Resistivity log (black) along with smoothed approximation of vertical (red) and
horizontal (blue) resistivity using a 50-m smoothing window. Resistivities are plotted on a logarithmic scale. (b) Resulting
anisotropy ratio. (c) Ice saturation calculated using method of Ruppel et al. (2016) based on raw resistivity log (black)
and vertical resistivity (red). IBPF = ice-bearing and ice-bonded permafrost.

Resistivity values in the borehole range from near 1 Ωm to over 1,000 Ωm. The anisotropy ratio in panel b
exceeds 10 in regions of high ice saturation and transition zones from frozen to unfrozen layers, which is
consistent with high anisotropy values produced by our CSEM inversions.

The calculation of ice saturation done for well log resistivity uses the method presented by Ruppel et al. (2016)
and is a reformulation of Archie’s law using constants appropriate to the Prudhoe Bay area. Archie’s law is an
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empirical formula relating measured resistivity (R0) to saturation (S) through a formation factor (Archie, 1942).
The formation factor is based on the porosity of the sediment (𝜙), pore water resistivity (Rw), and empirical
constants from laboratory measurements (a, k, n): R0 = aRw𝜙

−kS−n. Archie’s law was made to be used on
borehole resistivity measurements of oil and gas reservoirs and does not account for anisotropy or lateral
changes in formation factors, which are additional challenges presented by our CSEM data set. We calculate
an apparent ice saturation, or the ice saturation corresponding to our resistivity measurement assuming it
came from an isotropic medium, using our best estimates of empirical constants.

Archie’s law can be rearranged to solve for ice saturation assuming the pore fluids are initially fully saturated
with water and the only resistivity increase is due to porewater turning into ice:

S = 1 −
(

aRw

𝜙kR0

)1∕n

, (1)

where porosity 𝜙 is taken to be an empirical function of depth given by Lee (2005) as 𝜙 = 0.532e−z∕1963; S is
the ice saturation; z is depth in meters; R0 is the measured resistivity; k is the cementation factor and assumed
to be 2; aRw is an empirical constant multiplied by connate pore water resistivity, or the apparent resistivity
of water saturated sediment, and is equal to 1 Ωm as in Lee (2005); and n is another empirical constant taken
from Pearson et al. (1983) to be 1.983. We were unable to calibrate these empirical constants using nearby
borehole logs and instead relied on values of a, k, and aRw found in literature on the North Slope. Errors in the
final ice saturation due to uncertainties in Archie law parameters are dependent on porosity and saturation;
errors are smaller at high ice saturations and larger at lower ice saturations. For porosities over 30% measured
around Prudhoe Bay (Lachenbruch et al., 1982) we can expect errors of roughly 5% for saturations exceeding
80% and closer to 10% for saturations of 40% (Lee & Collett, 2001).

Applying this equation we find ice saturations from Tow 2 of over 50 % in the IBPF section, with peak values
over 90% saturated. For Tow 3 we assume all anisotropy is due to interbedded layers of isotropic material, then
we take vertical resistivity from Tow 3 to be the isotropic resistivity of frozen sediment and horizontal resistivity
to be isotropic resistivity of unfrozen sediment. We find horizontal resistivity gives about 20% ice saturation
in top 200 m and no ice saturation below 200 m, while vertical resistivity gives ice saturations of over 60% in
IBPF layer with a peak of over 90% in the highest resistivity regions. We cannot, however, comment on what
percentage of the IBPF layer is frozen.

We pull vertical profiles from CSEM inversion models located closest to four boreholes and plot them on top of
the smoothed borehole resistivity measurements in Figure 6. Boreholes are all at least a few hundred meters
away from our CSEM data, making it unlikely that there will be an exact match between EM vertical profiles
and the well logs. However, this is still a valuable exercise to see general differences between well logs and
EM results.

Two things stand our from the borehole and CSEM vertical profile comparison: First is that our smooth inver-
sion models do not capture more than one freeze-thaw horizon, and second is that the vertical resistivity
overestimates the base of IBPF. Given our maximum source receiver offset, the surface-towed CSEM system’s
sensitivity ends at about the base of IBPF, and it is not sensitive to the underlying unfrozen sediments. The
decay from maximum vertical resistivity (and maximum anisotropy ratio) is therefore driven by regularization.
We created an algorithm to pick the top and base of IBPF taking into account inversion regularization.

We defined the top of IBPF as the first 10-Ωm contour because our inversion regularization would smooth
through a sharp transition from background marine sediment (1 Ωm) to high-saturation IBPF (100 Ωm) with
10 Ωm as the midpoint on a logarithmic scale. This is consistent with the Ruppel et al. (2016) suggestion
that resistivities below 10 Ωm represent either unfrozen sediment or such low ice concentrations as to be
undetectable by geophysical methods.

The base of IBPF is best seen in the anisotropy ratio, so this is what we use to define the base for anisotropic
inversions. The inversion regularization penalizes the difference between horizontal and vertical resistivities;
therefore, the anisotropy ratio will smoothly decay from its peak value toward 1 after we lose resolution. We
take the value of anisotropy midway between the peak value and the minimum value achieved above our
maximum depth resolution to be the base of IBPF. The base depth is cut off at 600 m because we know this
to be our maximum depth resolution from synthetic studies.
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Figure 6. Vertical profiles from controlled-source electromagnetic models plotted on top of smoothed resistivity
measurements from nearby well logs. The PF layer identified by our definition of top and base of permafrost are
highlighted in gray boxes. BH = borehole; EM = electromagnetic; PF = permafrost.

The gray highlighted areas in Figure 6 are the IBPF sections identified using these definitions for top and base
of IBPF, and they correctly identify elevated resistivity sections in the borehole logs within 50 m. With an IBPF
base picking algorithm that correctly identifies the base in areas near well logs, we can use this algorithm to
predict the IBPF base in regions away from well logs.

5. Maps of Permafrost Distribution

Only two inversions are shown in this manuscript (Figures 2 and 4) but over 20 lines of CSEM data were col-
lected and inverted. The five lines from 2014 are amplitude-only isotropic inversions, while the 16 lines from
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Figure 7. Maps of depth to top of ice-bearing and ice-bonded permafrost (top), thickness of ice-bearing and ice-bonded permafrost (middle), and peak resistivity
(bottom). On top of maps created with our controlled-source electromagnetic results the corresponding values from offshore boreholes are plotted in circles on
the same color scale. Offshore borehole data were taken from Ruppel et al. (2016).

2015 include phase data and are anisotropic. We used these inversions to abstract values for depth to top of
IBPF, depth to its base, and its peak resistivity at each tow location. These values were then used to create
plan maps so that lateral changes in IBPF thickness and depth can be seen. We used a linear Occam inversion
(Constable et al., 2018) to create these plan maps, shown in Figure 7, where the forward model is simply the
data values.

To make these maps we used a variation of the Occam inversion algorithm (Constable et al., 1987) in which
the model (map) is just the parameter of interest (for example, depth to top IBPF) distributed on an evenly
spaced grid across the study area. The data are the observations, here taken from the inversions, which are
unevenly distributed, noisy, and (at line crossings) inconsistent. The forward model is simply the value of the
model (map) at the locations where the data are taken. First derivative regularization in the inversion algo-
rithm ensures that the map is smooth, with the amount of smoothing determined by how well the data are
fit, which for the Occam algorithm is set a priori. Because the forward model is linear, one might expect that
misfit could be driven to 0 with a sufficiently rough model, but inconsistent data at line crossings ensures that
the minimum misfit is not 0. Further details can be found in Constable et al. (2018).

We have combined isotropic models from 2014 and anisotropic models from 2015 to create these maps. In the
examples shown here (Tow 2 and Tow 3) the crossing points of the isotropic and anisotropic inversion models
give depths within 50 m of each other, as do other between-year crossing points. Amplitude-only isotropic
inversions of 2015 data yield comparable results to anisotropic amplitude and phase inversions because
phase data are almost exclusively driving the need for anisotropy, which makes amplitude-only inversions
less sensitive to, and incapable of resolving, anisotropy.

Using the 10-Ωm contour to define the top of IBPF, the top panel of Figure 7 shows the resulting plan map
of depth to top of IBPF, which gives a range of depths from 0 to 465 m with an average of 170 m. This is
comparable to the range of 5 to 470 m with an average of 195 m found in refraction seismic data of Brothers
et al. (2012).

On top of the map derived from our EM results, the depth to top of IBPF seen in offshore boreholes are plotted
in circles on the same color scale; these values were read off the borehole resistivity plots in the Ruppel et al.
(2016) paper. Boreholes and EM data agree across most of the shelf, including the observation that there is
shallower IBPF offshore the Sagavanirktok River outflow.
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West of Prudhoe Bay there is a discrepancy between the borehole logs indicating IBPF starting near the surface
on two barrier islands, while the shoreward EM data indicates IBPF under 150–220 m of unfrozen sediment.
This difference is likely due to the fact that islands provide some atmospheric coupling and may preserve very
shallow permafrost. Long Island (further east) has a thin layer of intermediate-saturation IBPF then a gap of no
IBPF until 210-m depth, which is consistent with the EM data. Jones Island (further west) also has a thin layer
of high-saturation IBPF right at the surface with intermediate-saturation IBPF not starting until 80-m depth.
If these thin surface layers are due to exposure to air then they would not be present in the submerged IBPF,
bringing the EM results and well logs into better agreement at these two locations.

To find the thickness of permafrost we use the previous definition of the top of IBPF, define the base of IBPF,
and then take the difference. For amplitude-only isotropic inversions from 2014 data, we defined the base
as the second 10-Ωm contour for the same reasons as described above. Based on 1-D synthetic studies our
surface-towed system can resolve the base of IBPF down to about 600 m, and when the base is not resolved the
isotropic inversion remains resistive to great depths because of the regularization penalty. We are therefore
confident that if the isotropic inversions return to conductive sediments below the resistive layer, then they
are resolving the base. For the anisotropic inversions of amplitude and phase data from 2015, we define the
base of IBPF using the decay from the peak anisotropy ratio, as discussed above.

The middle panel in Figure 7 shows a map of resulting thickness of IBPF; values from well logs are plotted in
circles on top of the map made from EM data. We have good agreement between well logs and our EM data,
which both indicate thickest IBPF nearshore the Sagavanirktok River outflow and further east near Tigvariak
Island.

The last map shown here, in the bottom panel of Figure 7, is of peak resistivity. In both the top and middle
panels there are gaps where either there was no permafrost detected or where no base could be resolved.
The bottom panel shows peak resistivity at all points, and we can see in Harrison Bay what is likely a talik, an
unfrozen section in otherwise continuous permafrost, in a paleo river channel of the Colville River. The line
furthest west in Harrison Bay did not exceed resistivities of 10 Ωm anywhere on the line, indicating little to no
ice in its sediment pore spaces.

The data we collected in Harrison Bay, including where no IBPF was detected, are near the location of increased
methane venting measured by Pohlman et al. (2012). This lends support to modeling done that suggests taliks
in paleo river channels provide venting pathways for methane gas in otherwise continuous and therefore
impermeable, ice-bonded permafrost (Frederick & Buffett, 2014).

Resistivity of sediments can increase for many reasons, in this region the most likely explanation is the pres-
ence of IBPF both because of the ground temperatures (Lachenbruch et al., 1982; Osterkamp & Harrison, 1982)
and evidence from well logs. The shallow resistivity increases near the Sagavanirktok River outflow, however,
make the determination of the cause of resistivity increase more difficult to discern because groundwater flow
associated with the river could be freshening pore fluids enough to create a resistive anomaly or the pore flu-
ids could be freshened enough to freeze. Using Archie’s law and assuming the same porosity and constants
as for our calculation of ice saturation (Ruppel et al., 2016), we calculate that Tow 3 would require low salinity
pore water with resistivity over 20 Ωm to produce the vertical resistivity values in our models, a reasonable
resistivity value for fresh water. However, anisotropy is not explained by fresh water-saturated sediment and
instead suggests the presence of frozen sediment. The top 200 m of Tow 3 are less anisotropic than the rest of
the resistive layer because the horizontal resistivity is higher. This could be because the top 200 m has been
freshened by the freshwater influx from the Sagavaniktok River and then only partially frozen.

5.1. Effect of Permafrost on Gas Hydrate Stability
Gas hydrates are ice-like structures that form when hydrogen bonds between water molecules form cages
around gases under high pressures and low temperatures. Natural gas hydrates occur predominantly beneath
the seabed under several hundred meters of water, where ocean bottom temperatures are just above 0 ∘ C
and hydrostatic water pressure is great enough to make gas hydrates stable. Gas is typically methane formed
by biological activity or migration from hydrocarbon systems but can also contain longer chain hydrocarbons
such as ethane and propane. Gas hydrates may persist beneath the surface until the temperature rises to
above the hydrate stability zone due to heat from the geothermal gradient.

The presence of permafrost depresses the 0 ∘ C isotherm, allowing colder temperatures to exist deeper
beneath the seabed and correspondingly extends the gas hydrate stability zone. Colder temperatures at
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Figure 8. Gas hydrate stability curves for pure methane hydrate, formed in water with salinity of seawater (35 ppt) and
5 ppt, and for a mixed gas composition of 98% methane, 1.5% ethane, and 0.5% propane, formed in water with salinity
of 5 ppt and pure water (no inhibitor). Curves calculated with the Colorado School of Mines code available online
(Center for Hydrate Research, Colorado School of Mines, 2018). Plotted below the gas hydrate stability curves is the
geothermal gradient, with temperatures increasing beneath the base of IBPF. Hydrate is stable in the region above the
geothermal gradient and below the gas hydrate stability curve. IBPF = ice-bearing and ice-bonded permafrost.

depth due to the presence of IBPF allows gas hydrate to be stable at lower pressures, including on land and in
shallow water. The shallow water gas hydrate stability zone of the Beaufort shelf is therefore directly depen-
dent on the thickness of the overlying permafrost layer. We use our updated map of offshore permafrost
thickness to estimate the base of the gas hydrate stability zone.

Figure 8 shows a range of pressure-temperature gas hydrate stability curves with temperature in degrees Cel-
sius and pressure converted to depth by assuming a hydrostatic pressure of 9.795 kPa/m (Collet et al., 2011;
Holder et al., 1987). In Figure 8 gray represents 100% methane hydrates: The dashed gray curve is for pure
methane hydrate with a water salinity of 35 ppt (seawater), and the solid gray curve is for pure methane with
a water salinity of 5 ppt (slightly brackish). Solid and dashed black curves are for mixed gas hydrates with a
composition of 98% methane, 1.5% ethane, and 0.5% propane (Collet et al., 2011; Holder et al., 1987): The
dashed black curve is for mixed gas hydrate and water with a salinity of 5 ppt, and the solid black curve is for
mixed gas hydrate and water without an inhibitor (pure fresh water). Gas hydrate stability curves were gen-
erated using the Colorado School of Mines program available online (Center for Hydrate Research, Colorado
School of Mines, 2018), which is very similar to the empirical equation given in Tishchenko et al. (2005) for pure
methane at varying salinities but has the added flexibility of adjusting the gas composition. Pure methane
hydrate formed with seawater produces the smallest gas hydrate stability zone and mixed gas hydrate formed
in fresh water produces the largest gas hydrate stability zone.

The geothermal gradient below the permafrost layer measured in onshore boreholes in Prudhoe Bay is fairly
consistent at (28.2 ∘ C ± 1.5 ∘ C)/km (Lachenbruch et al., 1982). Beneath the pressure-temperature hydrate
phase curves, the geothermal gradient is plotted as a dotted line with the base of IBPF identified at 490-m
depth, a value representative of the depth to base of thick offshore IBPF from our CSEM inversions. Estimates
of the gas hydrate stability zone beneath permafrost onshore have assumed a linear gradient through the per-
mafrost layer from surface temperatures (about−10 ∘ C) to 0 ∘ C (e.g., Collet et al., 2011). This is not appropriate
for the offshore environment because ocean temperatures are much warmer than atmospheric temperatures
and the permafrost layer may still be adjusting to the temperature change at its surface. To obtain a conserva-
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Figure 9. Map of gas hydrate stability zone for 100% methane hydrate based on thickness of ice-bearing and
ice-bonded permafrost determined by controlled-source electromagnetic data.

tive estimate of the gas hydrate stability zone, we assume that the temperature through the permafrost layer
is 0 ∘ C with the base of IBPF determining the depth at which temperature starts to increase.

Finding the intersection of the geothermal gradient and the gas hydrate phase curve yields the base of the
gas hydrate stability zone. We obtain a depth to base of the gas hydrate stability zone at each location where
we have depth to base of IBPF using EM soundings to produce the map in Figure 9. This map assumes a
gas composition of 100% methane formed in brackish water with salinities of 5 ppt (Tishchenko et al., 2005),
making it a conservative estimate of the gas hydrate stability zone because a change in gas composition
moves the stability curve to higher temperatures and increases the depth of the gas hydrate stability zone by
up to several hundred meters.

Our gas hydrate stability depths range from roughly 500 to 1,200 m, which is consistent with previous pre-
dictions (Collet et al., 2011) in the area. However, the map we produce here is an improvement because it is
based on a denser sampling of permafrost thickness, though it is still subject to errors due to assumptions
of gas composition and geothermal gradients. Our map of the base of gas hydrate stability zone should be
most accurate directly offshore Prudhoe Bay because we assume the geothermal gradient measured for this
area. As distance from Prudhoe Bay increases (especially toward Harrison Bay) the geothermal gradient may
change, changing the gas hydrate stability zone.

6. Conclusions

We have demonstrated that our surface-towed CSEM system can produce maps of the extent of offshore
permafrost, which are consistent with well logs. Our surveys were conducted for less than the cost of drilling
one borehole, making the surface-towed CSEM system a cost-effective method for mapping IBPF in regions
without well logs.

Further work could include returning to this location when the Beaufort Sea is ice-free further offshore, which
would allow towing across the edge of IBPF to capture the transition to unfrozen sediments. This will give us a
baseline extent to monitor future degradation. Additional data collection very nearshore will be useful inputs
to models of coastal erosion, where the state of nearshore subsea permafrost will help determine how quickly
the coastline erodes.
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