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Sea level has risen globally since the late Pleistocene, resulting in permafrost-bearing coastal zones in
the Arctic being submerged and subjected to temperature induced degradation. Knowing the extent of
permafrost and how it changes over time is important for climate change predictions and for planning
engineering activities in the Arctic environment. We developed a controlled source electromagnetic
(CSEM) method to obtain information on the depth, thickness, and lateral extent of marine permafrost.

To operate in shallow water we used a surface towed electric dipole-dipole CSEM system suitable for
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deployment from small boats. This system was used to map permafrost on the Arctic shelf offshore
Prudhoe Bay, Alaska. Our results show significant lateral variability in the presence of permafrost, with
the thickest layers associated with a large river outflow where freshwater influx seems to have a
preserving effect on relict subsea permafrost.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction and motivation

Temperatures cold enough to form permafrost have been
present in the Arctic since the end of the Pliocene (about 1.9 Ma)
and as a result permafrost underlays roughly 20% of land in the
northern hemisphere (Collett et al., 2011). Permafrost is defined
as ground that has been held at or below 0°C for at least two
years, “ice-bearing” specifies that the pore spaces contain a mix-
ture of ice crystals and pore fluid while “ice-bonded” describes
cementation of the sediment grains in the permafrost (Osterkamp,
2001). For the remainder of the manuscript we will use “per-
mafrost” to describe a combination of ice-bearing and ice-bonded
permafrost.

Over the last 20,000 years sea level has risen 120 m and sub-
merged portions of Arctic coastline and permafrost. The warm,
saline conditions introduced by sea level rise are causing the
relict subsea permafrost to thaw (Osterkamp, 2001). The maxi-
mum extent of permafrost offshore, therefore, is the 120 m isobath
(Collett et al., 2011), but current seismic studies suggest that per-
mafrost does not extend beyond the 20 m isobath (Brothers et al.,
2012).

Permafrost often has associated gas hydrate, which requires low
temperature and high pressures to be stable and typically exists
beneath the deep ocean floor. However, consistent cold ground
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temperature in the presence of ice-bearing permafrost allows gas
hydrate to currently exist on land and in shallow water environ-
ments. Without the permafrost cap to thermally stabilize them,
hydrates could dissociate and release their bound methane gas.
Methane is a potent greenhouse gas and its release from beneath
subsea permafrost would influence current and future warming
trends (Ruppel, 2011).

A map of our survey area can be found in Fig. 5. Prior stud-
ies conducted on the Beaufort Shelf, Alaska, have used the seismic
refraction method to infer extent of permafrost. Seismic refraction
uses the increase in P-wave velocity (V) due to ice in pore spaces
to determine the presence of permafrost. Theory predicts a V) of
2.5-2.8 kms~! for sands with less than 40% ice saturation, and
above 40% saturation a sharp jump in seismic velocity to between
3.4 and 4.35 kms~! due to the onset of cementation of sediment
grains (Johansen et al., 2003). In the Beaufort Sea velocities var-
ied between 1.7-4.6 kms~! with all permafrost layer refractions
(PLRs), defined as Vp > 2.3 kms~!, occurring within 30 km of
the coast and shallower than 20 m water depth (Brothers et al.,
2012).

Although PLRs can be used to define the lateral extent of
permafrost, the seismic method has difficulty determining depth
boundaries and bulk properties of permafrost (Brothers et al.,
2012). The velocity contrast at the top boundary is so large that
most of the seismic energy does not propagate beneath it. The
bottom permafrost boundary is likely diffuse and is a velocity de-
crease, both of which result in a weak or non-existent refraction
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signal. As a consequence, the seismic method can image the top
of the permafrost layer at best. Additionally, the refraction method
cannot differentiate between frozen and unfrozen fine grained sed-
iments, which means the depth obtained from this method may
not be the top of the permafrost layer if fine sediments overly
coarse ones (Brothers et al., 2012).

Electromagnetic methods complement seismic data by resolv-
ing the top and bottom boundaries, as well as estimating the
volume fraction of permafrost (e.g., Hauck, 2016; Todd and Dal-
limore, 1998). CSEM is sensitive to the resistivity increase caused
by ice forming in pore spaces, as well as to the resistivity de-
crease below the permafrost as the sediments transition to an
unfrozen state. Onshore boreholes have measured ice-bonded per-
mafrost with resistivities from 100 Qm to over 1000 Qm to
depths of 660 m near the coast of Prudhoe Bay (Collett et al., 1989;
Jorgenson et al., 2008). Below the permafrost layer resistivities
drop to between 5 and 15 Qm (Collett et al., 1989). We expect
the resistivity of offshore ice-bearing permafrost to be lower than
the measured onshore values because of intrusive saline pore flu-
ids (Daniels et al., 1976). Land borehole measurements of hydrate
beneath permafrost in the Eileen accumulation, located near the
coastline just west of Prudhoe Bay, reach 2000 2 m at a depth of
about 600 m (Collett et al., 2011). Gas hydrate occurs at greater
depths and has a higher resistivity than permafrost, and so with
careful interpretation one might be able to distinguish between the
two.

2. Methodology

Shallow seafloor resistivity, a good proxy of marine geologi-
cal settings, is effectively mapped using a fixed-offset towed array
(e.g., Constable et al., 2016). Towed systems have been used exten-
sively in deep water and are faster to use than deploying seafloor
CSEM receivers. However, shallow water depths on the Arctic shelf
make using a deep-towed system unfeasible and make a surface
towed system more appropriate.

2.1. Instrument design

We had previously developed a deep-towed fixed-offset CSEM
system to map gas hydrates, the “Vulcan” system of Constable
et al. (2016). This design was adapted for a surface-towed sys-
tem by repackaging our Vulcan deep-tow receivers in buoyant PVC
cases. We call the assembly a “Porpoise” since they occasionally
appear to leap from the water when encountering ice. The data
logger within the plastic case records inline electric field, acceler-
ation in three directions, and a timing pulse sent from an external
GPS receiver. Inline electric field is measured using a 2 m dipole
held 0.67 m underwater. As with the Vulcan instruments, we chose
rigid antennas instead of cable arrays to avoid motional noise asso-
ciated with cable motion through Earth’s magnetic field (Constable
et al., 2016). The Vulcan system is equipped with the ability to
receive real-time data and telemetry from the receivers. These fea-
tures are necessary for maintaining a steady receiver depth, and
to prevent unwanted contact with the seafloor, as well as moni-
toring data quality during tows lasting many days. None of these
concerns affect Porpoises because their positions can be verified
by sight and they are typically only towed for hours at a time,
allowing for frequent data quality checks without the real-time ca-
pabilities. A schematic of the Porpoise system is shown in Fig. 1
and pictures of the instrument can be found in Fig. 2.

GPS receivers are attached to the top of the Porpoises on short
masts and a serial data logger within the logger package records
time and location. A second serial data logger records pitch, roll,
and heading from a compass/tiltmeter every second. Conductivity,
temperature, and depth (CTD) were continuously measured in the

top meter of sea water by towing a CTD package alongside the ves-
sel. When towing into deeper water, the CTD system was lowered
to the bottom once the vessel was stopped and the Porpoises were
on deck, to measure a conductivity profile. A total of twelve con-
ductivity profiles were collected and reached a maximum depth of
10 m.

The transmitter operates off 110-240 VAC power and can out-
put up to 50 A on a 50 m antenna in the form of an arbitrary
GPS stabilized ternary waveform. Data were collected over two
years, in the first year a 50 m antenna was used with between
30 and 40 A output. In the second year, the transmitter was up-
graded to produce a current controlled output of 40 A on a 45 m
antenna.

The entire Porpoise system is light and small enough to be eas-
ily air freighted, transported in one load using a utility vehicle, and
operated off a small (16 m) fishing boat. This makes it a relatively
easy and inexpensive system to operate, and while designed to op-
erate in the shallow Arctic shelf, it has already been used for a
number of other applications including groundwater and geother-
mal exploration in the Atlantic and Gulf of California, respectively
(e.g., Martin, 2015).

Shown in Fig. 3 are noise spectra of Porpoises at three offsets
compared with published noise spectra of a Vulcan deep-tow in-
strument and an ocean bottom electromagnetic (OBEM) receiver
(Constable et al., 2016). At 1 Hz noise levels are on the order
of a few microvolts and at 30 Hz the noise contributes tens of
nanovolts. The peak centered around 0.3 Hz is due to wave noise
or strumming of the instrument. Porpoise receiver noise is higher
than that of the Vulcan because of increased wave and environ-
mental noise on the surface. The noise floor of the OBEM is the
lowest because it is subject to fewer motional noise sources.

2.2. Sensitivity to target

We conducted synthetic forward modeling to determine the off-
sets and frequencies most sensitive to permafrost, modeled as a
200 m thick layer of 100 €2 m material buried at a depth of 200 m
in 1 @ m marine sediment. This model was intentionally chosen to
be conservative and was constructed based on modeling and well
log data (Osterkamp, 2001). Forward responses were calculated for
the permafrost model as well as a halfspace of pure sediment. In
both cases water depth was 5 m and the calculation was done for
offsets of 100 to 1100 m and frequencies of 1 to 40 Hz. Fig. 4
shows (A) the amplitude of the permafrost model response nor-
malized by the halfspace response and (B) the difference in model
phases. Largest sensitivity to a permafrost layer occurs at offsets
longer than 500 m and at frequencies less than 30 Hz.

In our survey Porpoises were towed at offsets of 250, 500,
750 and 1000 m. We find that including a shorter range Por-
poise helps constrain the shallow sediment and ultimately helps
resolve permafrost in inversions of the data. The array was kept
at 1 km in length for logistical reasons, but we experimented with
moored seafloor receivers that measured two orthogonal directions
of the horizontal electric field. Moored receivers were weighted
and marked with a buoy so that they could be deployed and re-
covered by hand. Source receiver offsets of up to 6 km were ob-
tained using these receivers. We transmitted a 1 Hz fundamental
of Waveform-D, a modified square wave that spreads power from
the fundamental frequency into higher odd harmonics spanning at
least one decade (Myer et al., 2010).

3. Survey area
The surface towed Porpoise system was used in the summers

of 2014 and 2015 on the Beaufort Shelf off the north coast of
Alaska, with operations based out of Prudhoe Bay on the North
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Fig. 1. A: Surface-towed Porpoise array. Multiple receivers are easily clipped into the tow rope during deployment. B: Side view schematic of a Porpoise receiver. C: Plan view

of a Porpoise receiver.

Slope. The Beaufort shelf is 80-100 km wide with water depths
less than 20 m to more than 20 km offshore. The shelf was not
glaciated during the late Pleistocene, rather was exposed to sub-
freezing temperatures and formed permafrost hundreds of meters
thick. Holocene sediments are missing over much of the Beau-
fort shelf because of the recent (7.5 kyr) 40 m sea level rise (Hill
et al.,, 1985). Instead, Tertiary and Quaternary sand, silt, and clay
make up the bulk of shallow shelf sediments (Houseknecht and
Bird, 2011). Sedimentary rocks in this region can be divided into
4 sequences: the Franklinian (Cambrian to Devonian), Ellesmerian
(Mississippian to Jurassic), Beaufortian (Jurassic-Lower Cretaceous),
and Brookian (Cretaceous-Holocene) (Hubbard et al., 1987). All
known and inferred gas hydrate on North Slope is found in the
Brookian sequence (Collett et al., 2011).

Our surveys were conducted off the R/V Ukpik during late
July/early August in 2014 and 2015, shortly after the ice pack broke

away from shore. In total we towed 12 days and covered 365 km,
on average 30 km per 12-h day (compare this to 3 km per 12-h
day when using deployed receivers, e.g., Weitemeyer et al., 2006).
Initially the plan was to tow shore perpendicular lines coincident
with seismic data collected by the U.S. Geological Survey. How-
ever, the annual sea ice pack limited how far offshore we were
able to collect data and so instead we focused our efforts on ex-
panding coverage along the shoreline. In 2014 the edge of the sea
ice was near the 20 m isobath, where seismic data indicates the
edge of the permafrost lies. Although in 2015 we returned later in
the season in hopes of collecting data farther offshore, the sea ice
was in fact closer to shore and prevented us from towing past the
seismically determined edge of permafrost. Harrison Bay was the
one location where we successfully collected data across the pre-
sumed edge of permafrost. Tow lines for both years are shown in
Fig. 5.
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Fig. 2. A: Porpoise floating on the surface after being deployed. B: Porpoise ready to be deployed. C: All four Porpoises stored on deck, electrodes and GPS receivers still need

to be attached.
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Fig. 3. Power spectra of various EM receivers. Porpoise data were collected on a
test cruise offshore San Diego in May of 2014. Vulcan and OBEM spectra are from
Constable et al. (2016) and are shown as broken lines.

4. Results and discussion

The inline electric field time series measured on each Por-
poise was Fourier transformed and stacked into 60 s windows
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Fig. 4. A: Amplitude anomaly or permafrost model amplitude normalized by a
1 Qm halfspace amplitude. An amplitude anomaly of 1 indicates no difference.
B: Phase anomaly or phase difference between the two models. The permafrost
model was a 200 m thick permafrost layer with 100 m resistivity buried at a
depth of 200 m in 1 2 m sediments.

(Myer et al., 2010). Stacking the data increases its statistical re-
liability and provides estimates of errors. Processing was done for
eleven harmonics of Waveform-D, from the 1 Hz fundamental to
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islands. An inversion of Tow 3 is shown in Fig. 8.
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Fig. 6. Fence diagram of offset apparent-resistivity pseudosections offshore Prudhoe Bay and the Sagavanirktok (Sag) river outflow for both years computed for 3 Hz ampli-
tudes. Blue corresponds to higher resistivity values (up to 30 2 m) while red is more conductive (down to 1 2 m). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

33 Hz. We created pseudosections by calculating the forward so-
lution for 1D models, including appropriate water depth from an
echosounder and seawater conductivity from CTD measurements,
underlain by halfspaces ranging from 0.1 to 1000 @m and in-
terpolating to find the best resistivity for each value of stacked
amplitude. Appropriate skin depths at each frequency can be used
to create a frequency pseudosection at one source-receiver offset
(e.g., Weitemeyer and Constable, 2010), but with four different off-
sets we can create the more conventional offset pseudosection for
each frequency (Hallof, 1964). Pseudosections are useful for dis-
playing the lateral variability of a data set, but have limited ability
to determine depths (Weitemeyer et al., 2006). The pseudosections
for a frequency of 3 Hz are shown in Figs. 6 and 7, short offsets
are plotted as shallow structure and long offsets as deeper struc-
ture.

The offset pseudosections (Figs. 6 and 7) show significant lateral
variability in permafrost extent. Harrison Bay appears very conduc-
tive with highest resistivities near 10 2 m, which is unexpected
given that permafrost is seismically inferred in this area (Brothers
et al., 2012). However, it is consistent with well logs that show
thinning of the ice bearing permafrost layer onshore to the west
of Prudhoe Bay (Collett et al., 1989). Onshore at Harrison Bay a
well log (labeled A in Fig. 5) measures maximum resistivity near
100 @m down to 120 m, where resistivity drops to over 10 2 m
and the base of the ice-bearing layer is seen at 300 m (Collett
et al., 1989). If most of the 120 m thick resistive layer has thawed,
the underlying permafrost would be consistent with resistivity val-

1.5

0

Shore parallel distance (km) from (E,N) = (38,110 m; 7,788,000 m)

Fig. 7. Fence diagram of offset apparent-resistivity pseudosection in Harrison Bay
and near the Colville river outflow computed for 3 Hz amplitudes.

ues in the pseudosection. Along the coast between Harrison Bay
and Prudhoe Bay there is a clear layer of conductive sediments
overlying a buried layer of more resistive material, interpreted as
permafrost. Just east of Prudhoe Bay there is an increase in resis-
tivity at all depths, implying that permafrost is pervasive in the
area near the Sagavanirktok (also called the Sag) river outflow. Be-
cause of freshwater influx from rivers and melting of sea ice, sea
water conductivity was variable across the entire survey area. In
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Fig. 9. Same inversion of Tow 3 shown in Fig. 8, but plotted with four major contours colored with the same colorscale as Fig. 8. The first regime is for marine sediments with
resistivities <3 ©m, followed by resistivities <10 € m which could be partially thawed ice-bearing permafrost or freshwater pore fluids, and the threshold for ice-bonded
permafrost was set at >20 Qm (Collett et al., 1989) with over 100 2 m indicating regions of exceptionally high ice saturation. The dark bar at the bottom of the figure

indicates the region of the Sag River outflow.

the top meter ocean conductivity ranged from 0.3 to 0.5 2 m, but
at depth remained more constant near 0.4 2 m. Seawater conduc-
tivity variations and water depth were included in the 1D model
layers used for pseudosections and therefore do not cause the ap-
parent resistivity variations.

Inversions were done using the MARE2DEM adaptive refine-
ment finite element code (Key, 2016). Two dimensional (2D) inver-
sion of CSEM data is computationally expensive, and many inver-
sions must be carried out to fully understand error structure and
the trade off between misfit and model complexity (e.g., Constable
et al, 2015). We present one preliminary inversion in Fig. 8 to
illustrate the difference between pseudosections and actual inver-
sion. The inversion shown is for Tow 3, indicated in the map of
the survey area in Fig. 5, and is limited to amplitude, the three
largest harmonics of Waveform-D (3, 7, and 13 Hz) for the first
three Porpoises (offsets of 250, 500, and 750 m) and the largest
two harmonics (3 and 7 Hz) for the last 1000 m offset Porpoise.
The inversion grid size ranged from quadrilaterals 150 m wide

by 10 m deep in the shallowest region up to 250 m by 50 m at
greater depths. The increasing grid size is meant to mimic the loss
of spatial resolution with depth as well as decrease computational
resources. The inversion results are shown in Fig. 9 as a contour
plot with contours at 3, 20, and 100 Qm to better differentiate
the likely ice-bonded permafrost layer. Due to the variation in wa-
ter conductivity across this region, we allowed a 2-layer ocean
model be free parameters in the inversion, bounded by the max-
imum and minimum values that were measured with our towed
CTD. The inversion chose 0.5 2 m for the top layer and 0.45 Qm
for the bottom, which are consistent with the upper range of the
CTD measurements.

On the northwestern end of Tow 3, in the section before the
Sag River outflow, we see conductive sediments overlying two re-
sistive patches. The southeastern side of the inversion shows a
thin layer of conductive marine sediments at the surface, underlain
by a non-uniform layer of resistive material. Below the resistive
layer the inversion returns to higher conductivities consistent with



D. Sherman et al. / Earth and Planetary Science Letters 460 (2017) 97-104 103

A
ipllﬂi% |
mn%m
o) i W 06
| i
| 0.4
| I ! =
ﬂ G o2
| | | | | o 0
1 T ] T ] ol G
B ®
- -0.2
% | -0.4
-0.6
im Wk Fﬂ
i
| | !i |
| | | | | | ]

150 200

250 300 350 400

Transmitter Number

Fig. 10. A: Amplitude at each frequency and offset for data inverted in Fig. 8, normalized by the median amplitude of each offset. B: Inverted amplitude for each frequency
and offset, normalized by the same values as the data amplitudes. Gaps show data that have been filtered out due to poor signal to noise ratio or from amplifier clipping.

freshwater sediments. The peak resistivity in the tow 3 inversion
is over 300 2 m, which we consider consistent with ice-bonded
permafrost. The pseudosections for the 3 inverted frequencies of
Tow 3 are plotted above the inversion result, and results are con-
sistent with the inversion. The inversion fits the data to an RMS
of 1.3 with a 3% noise floor and a comparison of data and model
amplitudes is shown in Fig. 10.

Because CSEM and seismic refraction methods are sensitive to
different physical phenomena, we do not expect them to yield
identical information, and indeed if they did it would be redundant
to conduct both surveys. Strong seismic refractions occur when
there is a sharp velocity increase while the CSEM method is more
sensitive to the total ice fraction. In the region of the Sag River out-
flow, a seismic refraction survey (Brothers et al., 2012) measured
an increased p-wave velocity (V, > 2.8 km/s) where the CSEM
pseudosections show resistive anomalies over 30 € m. Together,
these observations indicate an extensive amount of permafrost cor-
related with the river outflow. Seismic refraction data continues to
see elevated p-wave velocities (V, > 2.8 km/s) from northwest of
the Sag River through Harrison Bay, while the resistivity values de-
crease. Resistivity still provides a positive indication of permafrost,
but lower resistivity implies that there is less total ice volume, and
is again in agreement with the thinning trend from Prudhoe Bay
to Harrison Bay seen in onshore permafrost. The pseudosections
would not resolve a thin layer of ice-bonded permafrost and are
likely producing an average resistivity of ice-bonded permafrost
and surrounding marine sediments.

In contrast, to the immediate southeast of the Sag River, seismic
refraction data detected lower velocity increases (V, > 2.3 km/s)
consistent with ice-bearing, but not ice-bonded permafrost. CSEM
pseudosections show continued elevated resistivity (>10 € m) be-
fore transitioning to higher conductivities at short offsets (shallow)
and resistivities of 8-10 Q@ m at long offsets (deeper). Either the
ice-bearing permafrost has a stronger resistivity signature than ve-
locity increase or the resistivity anomaly in this area is from a
different source, i.e. freshening of porewater fluids. Ice-bonded per-
mafrost is impermeable to water, so any ground water needs to
flow under or around the ice-bonded permafrost. The southeast
side of the Sag River is the side without ice-bonded permafrost
(Brothers et al., 2012) and therefore where fresh groundwater can
flow and freshen the pore fluid. Beneath the permafrost layer
should be water saturated sediment, offshore this may be brine or

fresh, but onshore it will likely be fresh. Borehole measurements
taken beneath the permafrost layer onshore show resistivities up
to 20 @m (Collett et al, 2011), which implies that freshening
of pore fluids offshore cannot increase resistivity beyond about
20 @ m. Therefore, we infer that the very high resistivity values
offshore Sag River are from increased ice content. Fresh ground
water flowing beneath this permafrost layer, however, may affect
our ability to detect the base of permafrost in this area.

Modeling suggests that groundwater flow preserves permafrost
by freshening the porewater fluid and raising the freezing temper-
ature above the ambient ocean temperature (Frederick and Buf-
fett, 2015). By definition, permafrost is ground that is below the
freezing point of water. Therefore, when groundwater is flowing
into areas where permafrost exists it is flowing into a tempera-
ture regime where it will freeze, turning to ice and preserving the
thickness of the permafrost layer. Using a synthetic model of the
continental shelf, Frederick and Buffett (2015) calculated the off-
shore extent of subsea permafrost in the presence of a ground
water flow which ranged from 0 to over 140 m3yr—'m~" over
many glacial cycles. They concluded that local hydrology is as im-
portant as paleoclimate conditions and sea level rise in determin-
ing current permafrost extent. While this model is consistent with
the presence of permafrost offshore the Sag River, the same results
are not seen offshore the Colville River. Brothers et al. (2012) also
note that larger rivers can act as a heat source and prevent per-
mafrost from forming when exposed to sub-freezing temperatures
(Frederick and Buffett, 2014). Taliks, or unfrozen regions in other-
wise continuous permafrost, occur in paleo river channels, such as
the Colville River which has a talik extending hundreds of feet be-
neath its bed (Williams, 1970). The Colville is larger than the Sag
and may be an example of the latter effect of local hydrology and
be acting as a heat source rather than a preserving force.

5. Conclusions

Our surface towed CSEM system was successful at characteriz-
ing resistivity to a depth of about 800 m in 0-8 m water depths
offshore Prudhoe Bay. Apparent resistivity in the region ranged
from 1 2 m, a value typical of marine sediments, to over 100 2 m,
which we interpret as ice-bonded permafrost. In areas with seis-
mically interpreted permafrost, apparent resistivity varied from
10 m to over 100 2 m, indicating that there is both ice-bearing
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and ice-bonded permafrost offshore Prudhoe Bay and that EM
methods may be capable of distinguishing between the two. In-
verted base of offshore permafrost is near 600 m, consistent with
well logs measuring an onshore permafrost layer of 660 m at Prud-
hoe Bay. Pseudosections and initial inversions both show increased
resistivity at the Sag River outflow, offering support to the idea
that groundwater preserves permafrost. Future work will include
carrying out inversions on all lines, integrating seismic horizons
into the inversions, and further exploring the role of local hydrol-
ogy in permafrost preservation.
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