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SUMMARY

An electromagnetic geophysical survey was conducted over First Landing Lake in the vicinity of
Rankin Inlet, Nunavut as part of a study on lake taliks. Survey results show areas of high electrical
conductivity associated with the shallow lake terrace. High electrical conductivity is interpreted to
result from sublacustrine saline permafrost. Saline permafrost will have a direct influence on

permafrost dynamics and lake talik formation.
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INTRODUCTION

This Open File reports on the occurrence of sublacustrine saline permafrost detected by a frequency-
domain electromagnetic (FEM) survey conducted over First Landing Lake in the vicinity of Rankin
Inlet, Nunavut. The geophysical survey was conducted with the primary objective of testing the
suitability of FEM methods for mapping occurrence of bottom-fast ice (BFI) and frozen substrate
as part of a larger study on lake taliks (LeBlanc et al., 2021, LeBlanc et al., 2022; Sladen et al.,
2024). For the Rankin Inlet region, BFI is expected for water depths less than the average ice
thickness of 1.7 m and permafrost is expected for water depths less than 1.1 m for which the duration
of ice-substrate contact is long enough to sustain subzero mean annual temperature (LeBlanc et al.,
2024). In contrast, floating ice, unfrozen water, and taliks are expected for large lakes and deeper
water. However, many large lakes exhibit shallow terraces that can influence lake taliks. FEM
surveys can provide non-invasive information on ice and permafrost conditions.

Geophysical methods that are sensitive to electrical conductivity, such as FEM surveys, can be
useful for permafrost studies due to the strong dependence of electrical conductivity on the phase
change of water to ice (e.g., Herring et al., 2023). In general, BFI with frozen substrate will be less
conductive than BFI with unfrozen substrate or non-BFI with unfrozen water and substrate. Surveys
performed near the time of maximum ice thickness may be used to infer occurrence of BFI, frozen

substrate, and talik potential.

STUDY AREA

The Hamlet of Rankin Inlet is located on the western coast of Hudson Bay in the Kivalliq Region
of Nunavut, Canada (Figure 1). Rankin Inlet is within the continuous permafrost zone where 90—
100% of the land area is underlain by permafrost (Heginbottom et al., 1995). Mean annual ground
temperature at the top of permafrost varies from —9.5 to —5.5°C and active layer thickness ranges
from 60 to 160 cm (LeBlanc and Oldenborger, 2021). First Landing Lake is located approximately
7 km northwest of the Hamlet of Rankin Inlet. The lake has an approximate volume of 4.2x10° m?
with a maximum depth of 17.6 m (Budkewitsch et al., 2011). Bedrock beneath the lake is largely
volcanic with sedimentary rocks crossing the centre of the lake in the east-west direction (Golder
Associates Ltd., 2021). The surrounding surficial geology is marine, glacial, and glaciofluvial with
bedrock cliffs on the southern shore (McMartin, 2002). First Landing Lake is large enough and deep
enough to support a talik (LeBlanc et al., 2021). However, it exhibits a terrace extending several
hundred meters into the lake from the northern shoreline (Figure 1) which may influence talik
formation.



METHODS

Frequency-domain electromagnetic surveys involve the measurement of the in-phase and
quadrature secondary magnetic field strengths resulting from a fixed loop-loop sensor configuration
(e.g., Huang and Fraser, 2001). The measurements are sensitive to electrical conductivity, dielectric
permittivity, and magnetic permeability of the subsurface (e.g, Hanssens et al., 2019b). Ground-
based FEM instruments are typically operated in a configuration whereby the quadrature response
is predominantly a function of the electrical conductivity (McNeil, 1980). The in-phase response is
often unstable (e.g., Delefortrie et al., 2014) and is typically ignored, along with the effects of

dielectric permittivity, and magnetic permeability.

Data Acquisition

Ice- and ground-based FEM data were collected over First Landing Lake on April 28, 2024 at the
approximate time of maximum ice thickness. The study area and survey track are shown in Figure
1. The survey site was selected based on the presence of a large lake terrace that may influence talik
occurrence (LeBlanc et al., 2022). Site conditions were snow-covered lake ice and tundra shorelines

with an air temperature of approximately —10°C during data acquisition.

Data were collected using a DualEM-42 sensor (Taylor, 1999). The DualEM-42 has two sets of
horizontal co-planer (HCP) and perpendicular (PRP) coil pairs fixed at 2.0/2.1 m and 4/4.1 m
separation, operating at a frequency of 9 kHz (Figure 2a). Nominal depths of investigation are 1 m
(PRP2), 2 m, (PRP4), 3 m (HCP2) and 6 m (HCP4). Measurements consist of four channels of
apparent conductivity (mS/m) and in-phase response (ppt), along with sensor pitch, roll, temperature,

and voltage.

The DualEM sensor was mounted on a sled at 0.14 m height (Figure 2b) and data were collected at
walking speed at a sample rate of 1 Hz with synchronous collection of GNSS position data. The in-
phase data were observed to be unstable and are not considered further. The survey was conducted
as multiple acquisitions starting from and ending at a fixed reference point (Figure 1). At a nearby
ice survey location, snow depth, ice thickness, and water depth were measured as 0.4 m, 1.3 m, and
5.1 m from ice surface (Figure 1). Electrical conductivity of the lake water at the ice survey location
5 m below ice surface was 20 mS/m at 1.5°C.

Processing and Inversion
The data processing flow consists of position synchronization, drift corrections, static calibration,

filtering, and spatial averaging of apparent conductivity followed by inversion of the processed data

for electrical conductivity. No temperature compensation is considered and the data represent the



conditions at in-situ temperatures (i.e., Oldenborger et al., 2020; Oldenborger, 2021).

Position synchronization involves assigning geographic coordinates acquired from an external
GNSS receiver to every data sample, based on comparison to time stamps from the internal sensor
GNSS receiver that is used for signal timing. The same position was assigned to all four sensor
channels, although there is a 1 m offset between the 2 m and 4 m coil pair centres (Figure 2a).
Synchronization is accurate to 0.5 s and no temporal averaging occurs given the 1 Hz sampling rates
for both the DualEM sensor and GNSS receiver.

Drift correction attempts to account for variations in sensor measurements that arise due to changes
in temperature, voltage, and other factors. Channel-by channel drift was calculated based on
comparison of the first and last 30 s of data for every acquisition. Drift correction was applied using
a channel-specific time-based linear compensation. Drift was observed to be less than 1 mS/m per

hour for all channels; HCP4 was the most stable channel with drift less than 0.01 mS/m per hour.

Calibration (or levelling) is used to account for channel specific offsets and differences at the
reference point between the different acquisitions. The power supply, data logger, and GNSS
receiver are known to cause offsets in apparent conductivity, most significantly for the PRP2 and
HCP2 channels, and negligibly for the HCP4 channel. Offsets were not measured for the field
configuration. In the absence of direct measurements of offset, a channel-by channel calibration was
calculated for each acquisition by correcting the data at the reference point to match synthetic data

simulated using the full electromagnetic solution for a reference model (Hanssens et al., 2019b).

The reference model is based on measurements from the nearby ice survey (Figure 1) and is
comprised of two layers: 1.7 m of snow and ice at 1 mS/m over water and substrate at 20 mS/m.
The assigned electrical conductivity of the upper layer is representative of dry snow and ice (e.g.,
Reynolds and Paren, 1984; Mikucki et al., 2015) and is near the low conductivity limit of resolution
for the DualEM-42. The lake substrate at the reference point is 5.6 m from the sensor and may
influence the calibration. However, the expected bulk electrical conductivity of the unfrozen
substrate is similar to the measured lake water conductivity (e.g., Oldenborger et al., 2020;
Oldenborger, 2024) and the two-layer reference model accurately reproduces the measured HCP4
apparent conductivity at the reference point, while generally reproducing the measured apparent
conductivity for all other channels.

The synthetic modelling establishes a constant set of apparent conductivity values at the reference

point to which all acquisitions were levelled:

[oPRP2, OPRP4, OHCP2, OHCP4, Jref = [3.3 mS/m, 7.2 mS/m 9.0 mS/m, 12.9 mS/m)].



This procedure accounts for both offsets due to the power supply and variations between
acquisitions. (Note that if offsets were directly measured for the field configuration, reference point
levelling might still be required.) The specific corrections are acquisition-dependent, but are
approximately 3.5 mS/m, 1.5 mS/m, —3 mS/m, and 0.5 mS/m for the PRP2, PRP4, HCP2, and
HCP4 channels. Similar calibrations of FEM data have been implemented that utilize supporting
data (e.g., McLachlan et al., 2021). The calibration procedure herein involves an implicit assumption
that the reference model is correct and laterally applicable over the footprint of the instrument. An

example acquisition is shown in Figure 3 with drift correction and calibration applied.

RESULTS

Following drift correction and calibration of all acquisitions, the continuous apparent conductivity
measurements were averaged over a 10 m by 10 m grid for each channel along with sensor pitch,
roll, temperature, and voltage (Figures 4 and 5). Spatial standard deviations were calculated for each
channel over every grid cell, along with an average standard deviation for all four apparent
conductivity channels. Averages with less than three observations per grid cell were removed. The
averaged data have a maximum absolute pitch of 4.3°, a maximum absolute roll of 8.9°, and a
maximum average standard deviation of 8.1 mS/m. The average apparent conductivity
measurements were then inverted for electrical conductivity as independent soundings for every
grid cell according to the method detailed in Appendix A. The result is a collection of 1D electrical
conductivity models that are then combined to form a 3D model volume. Individual 1D models with
a root-mean-square prediction error (RMSE) greater than 20% were excluded from the 3D model
volume. Results of recovered electrical conductivity are shown for both an unconstrained two-layer

inversion (Figures 6 and 7), and a smoothness-constrained multi-layer inversion (Figure 8).

Both models fit the data to nearly equivalent degrees (¢s = 1.6, ¢s = 1.5) and much of the recovered
structure is similar. Both models predict a very low conductivity surface consistent with snow over
lake ice offshore and snow over a frozen active layer onshore. This very low conductivity surface
layer is highly uniform over deep water but is variable in thickness over the terrace and increases in
thickness onshore. Below the surface layer, recovered electrical conductivity is low and uniform in
deep water (including the reference point). Both models predict a variable region of elevated
electrical conductivity corresponding to the lake terrace, and very high electrical conductivity in
two distinct regions. The multi-layer inversion predicts a larger zone of high conductivity with the
outer regions of the high conductivity zone being at greater depth (Figure 8). Onshore, the electrical
conductivity is intermediate in terms of magnitude and uniformity. For the two-layer model, the

onshore transition from low to moderate conductivity at depth is necessarily sharp (Figure 7). In



contrast, the multi-layer inversion predicts a gradual transition to moderately conductive ground at
depth that may be due to the smoothness constraint, but a similar smoothing effect is not observed

in deep water (Figure 8).
DISCUSSION

The observed variations in electrical conductivity over the lake terrace, and particularly the regions
of high conductivity are interpreted to result from saline permafrost, and not solely from the
distribution of BFI and talik occurrence. Given fresh porewater, BFI with frozen substrate would
result in reduced unfrozen water content, and decreased electrical conductivity (e.g., Oldenborger,
2021). This is not observed anywhere on the lake terrace (Figure 6). Electrical conductivity is
observed to increase both from the onshore to offshore transition and from the deep water to terrace

transition.

At the transition from deep water to the terrace edge, electrical conductivity below the ice layer is
observed to be slightly higher than that of the lake water (Figure 6). For unfrozen ground, this result
can be explained if the pore fluid conductivity of the substrate is approximately 5—10 times greater
than that of the fresh lake water, or 100200 mS/m. However, electrical conductivity is observed to
increase from the terrace edge toward shore, reaching a maximum in excess of 300 mS/m near a
known location of BFI (1.3 m thick) at the time of the survey (Figure 6). The existence of BFI alone
does not imply permafrost conditions, but elevated electrical conductivity persists towards the
shoreline, past the 1 m isobath where permafrost is most likely present.

For unfrozen ground, a bulk electrical conductivity of 300 mS/m would require substrate pore fluid
conductivity greater than 100 times that of the fresh lake water, or 2 S/m. Partially frozen ground
would require higher pore fluid conductivity to achieve the observed electrical conductivity due to
reduced unfrozen water content. In terms of salinity, a fluid conductivity of 2 S/m at 0°C
corresponds to approximately 20 g/kg NaCl with a freezing point depression of 1.2°C (e.g.,
Oldenborger, 2021). The presence of saline permafrost is consistent with postglacial inundation of
the land surface in the Kivalliq Region (Dyke, 2004). In the Hamlet of Rankin Inlet, permafrost
salinity of 3.0-30.6 ppt (g/kg) has been reported at depths of 2.4—6.1 m (Hivon, 1991).

CONCLUSION

A frequency-domain electromagnetic (FEM) survey was conducted over First Landing Lake near
Rankin Inlet, Nunavut. The recovered two-layer and multi-layer models of electrical conductivity
do not conform with a simple conceptual model of variations in electrical conductivity being
representative of the spatial distribution of BFI and frozen substrate over the shallow lake terrace.

Elevated electrical conductivity is observed to be associated with the lake terrace and is interpreted



to result from the presence sublacustrine saline permafrost that complicates interpretation of FEM
data in terms of BFI and frozen or unfrozen substrate. Saline permafrost will have a direct influence

on permafrost dynamics and talik formation.
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Figure 1. First Landing Lake study area near Rankin Inlet, Nunavut. Inset shows the lake survey
track over the lake terrace, the reference point (red circle), and the nearby ice survey location (white
circle). Coordinates are Easting and Northing, WGS84 UTM Zone 15N. Background image: Google
Earth, © 2023 Maxar Technologies, © 2023 TerraMetrics.
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Figure 2. a) Schematic of the DualEM-42 sensor configuration with four coil pairs in horizontal co-
planar (HCP) and perpendicular (PRP) orientations. b) Sled-based sensor deployment.
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Figure 3. Example data acquisition starting and ending at the reference point. a) Survey coordinates,
pitch, roll voltage, and temperature. b) Raw apparent conductivity (quadrature) and in-phase data

from the four coil pairs. ¢) Drift-corrected and calibrated apparent conductivity.
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conductivity of agucpz. The average value of ¢4 is 1.6 and the average RMSE is 7.8%. The average
recovered upper layer thickness is 2.2 m; the average recovered upper and lower conductivities are
0.5 mS/m and 71 mS/m. The lake shoreline, 1 m isobath, and terrace are shown by the solid, dashed,
and dotted black lines.
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Figure 7. Recovered electrical conductivity for the unconstrained two-layer model of Figure 6. The
top panel shows the electrical conductivity and the gridded sounding locations. The bottom panel
shows isosurfaces of electrical conductivity at 100 mS/m (yellow) and 300 mS/m (red). The lake
shoreline, 1 m isobath, and terrace are shown by the solid, dashed, and dotted black lines.
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Figure 8. Recovered electrical conductivity for a smoothness constrained ten-layer model (5 =5)
initialized with a conductivity of I mS/m for the upper 1.7 m of the model (a = 2) and a conductivity
of oncp2 for the remaining layers (a = 0). The average value of ¢4 is 1.5 and the average RMSE is
9.9%. The bottom panel shows isosurfaces of electrical conductivity at 100 mS/m (yellow) and
300 mS/m (red). The lake shoreline, 1 m isobath, and terrace are shown by the solid, dashed, and
dotted black lines.
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APPENDIX A

For a DualEM-42 survey, or other fixed-loop frequency-domain electromagnetic surveys, the
measurements consist of in-phase and quadrature secondary magnetic field strength in proportion
to the primary field (e.g., Taylor, 1999). The quadrature phase measurements are most sensitive to
electrical conductivity and are typically transformed to apparent conductivity using the low-
induction number (LIN) approximation (McNeil, 1980). Although the LIN approximation may not
always be valid, the data transformation to apparent conductivity does not result in any loss of
information, although care must be taken to incorporate any factory- or user-applied height
compensation or calibration (e.g., Oldenborger et al., 2020). The in-phase measurements are less
sensitive to electrical conductivity, are typically unstable, and are generally not incorporated into

inversion for electrical conductivity (e.g., McLachlan et al., 2021).

For quadrature measurements only, the data for a single DualEM-42 sounding consist of apparent
conductivity from four channels: opre2, oprP4, oHcP2, and onces (Figure 2). The data are simulated
for a one-dimensional earth using the full electromagnetic solution for the magnetic fields that
accounts for coil orientation and height above ground (Hanssens et al., 2019b). The simulated
secondary quadrature magnetic field strengths are transformed to apparent conductivity (rather than
converting the measurements of apparent conductivity to magnetic field strength). All simulations
assume free space dielectric permittivity and magnetic permeability (a dielectric constant of unity
and a magnetic susceptibility of zero). The data are inverted to recover electrical conductivity by
minimizing the least-squares prediction error subject to model constraints as described by objective
functions for both the data and the model.

The data objective function is formulated as

Ya = Iba — Tiwhereipg = —Z G Sy,

l

where d; is the apparent conductivity for channel i, ﬁ(m) is the simulated apparent conductivity as a
function of the model m, e; is the standard deviation of the ith datum, and N is the number of data
(N =4 for the DualEM-42). For normally distributed prediction errors, @, takes the form of the
reduced chi-squared distribution with an expected value of unity. When y, is minimized to zero,
¢a=1, and the prediction errors are commensurate with the standard deviation of the data in
accordance with the discrepancy principle. In the case that s cannot be minimized to zero, the value
of ¢4 at convergence gives a measure of the sum-squared prediction error relative to the data error.
For this study, e; is estimated by the standard deviation of the grid-based spatial average of apparent
conductivity for each channel, but it may be estimated by other means.

The model objective function is formulated as

17



Pm =+ 201 (o
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J J J
number of model parameters. The weight o; controls the reference model regularization and the
weight f; controls the smoothness regularization for the jth layer. The weights b and bmax control

min

the barrier terms for the lower and upper model bounds m™" and m™*. The model m takes one of
two forms: 1) a two- or three-layered earth with conductivity-thickness parameter pairs [g;, L;], or
2) a multi-layered earth with more than three layers each of fixed thickness with electrical

conductivity o;. In either case, the thickness of the bottom layer is fixed and infinite.
Case 1

In the case of a two- or three-layered earth, M = 3 or M = 5. The total objective function y = wy + wp
is minimized using Nelder-Mead simplex optimization (Lagarias et al., 1998) with implicit model
constraints given by .. Simplex optimization does not require a gradient, and is most suitable when
the optimization problem is not smooth, such as when solving simultaneously for layer conductivity
and thickness. A two-layer model is initialized with the default reference model of [oHcp2, 3.0 m,
oHcpr4, ()] and a three-layer model is initialized with the default reference model of [oprp2, 1.0 m,
oncp2, 2.0 m, gucps, (o0)] unless specified otherwise. The default reference, smoothness, and upper
bound weights are zero, such that the inversion is (almost) unconstrained. To enforce positivity of
electrical conductivity and thickness, the default lower bound is set according to gyi» = 0.1 mS/m,
Lmin=0.1m, and bui»=10* For a two-layer model, the unconstrained inversion is strictly
overdetermined, although imperfect or redundant data may require the use of constraints to obtain
a stable solution. A three-layer unconstrained model is strictly underdetermined and practice shows

that a stable model cannot be recovered without application of significant constraints.
Case 2

In the case of a multi-layer earth, layers are specified and M is equal to the number of layers,
including the bottom layer. The total objective function y = ywa + w, is minimized using quasi-
Newton optimization (Nocedal and Wright, 2006) with finite-difference calculation of the gradient,
and implicit model constraints given by . The model is initialized with the default homogeneous
reference model of [oncp2] unless specified otherwise, and the default reference and smoothness
regularization weights are zero. For the multi-layer case, the model is log-transformed to m; = In(a;)
which results in improved performance of the quasi-Newton optimization. In this case, the terms in
the model objective function are not normalized by the reference model since the log transform is
unitless and accounts for scaling without the need for normalization. The log transform also enforces

positivity and the default barrier weights are set to zero. For the multi-layer model, the unconstrained
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inversion is strictly underdetermined and practice shows that a stable model cannot be recovered

without application of smoothness and/or reference regularization.

In either case of model parameterization, the inversion algorithm does not account for the non-
monotonic behaviour of the quadrature secondary magnetic field as a function of ground
conductivity (e.g., Hanssens et al., 2019a; McLachlan et al., 2021). This shortcoming imparts a
reduced sensitivity followed by an inherent non-uniqueness to the forward modelling component of
the inversion for electrical conductivity in excess of approximately 1000 mS/m for the HCP4
channel of the DualEM-42. For these high conductivity environments, the inversion may find a valid
local minimum of the objective function on either side of the quadrature-conductivity maximum
(regardless of non-uniqueness introduced by noise and over-parameterization of the model). For the
given algorithm, this shortcoming may be overcome by using an appropriate reference and/or initial

model.

Synthetic Example

A simple two-layer synthetic model with variable layer thickness is illustrated in Figure Al. The
model is comprised of a low conductivity layer over a more conductive substrate. The simulated
apparent conductivity data clearly reflect the model characteristics, if not the true electrical
conductivity and geometry. Results of an unconstrained two-layer inversion are shown in Figure A2
and results of an initialized two-layer inversion are shown in Figure A3. When completely
unconstrained, the inversion is able to recover a two-layer model reasonably well, although there is
some trade-off between conductivity and layer thickness as is well recognized for inversion of
electromagnetic data (Figure A2). When the upper layer is initialized to 1 mS/m, the recovered
model is more accurate in terms of electrical conductivity and layer thickness (Figure A3). Both
models fit the data equally well, illustrating the inherent non-uniqueness of the problem due to data
redundancy—the data are not totally independent in terms of sensitivity to the model. Model space
can be further constrained by the addition of a reference model, or by the application of model

smoothness (although smoothness is not necessarily compatible with a layered model inversion).
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Figure Al. a) Synthetic two-layer model with upper layer conductivity o1, lower layer conductivity
o2, and upper layer thickness L. b) Simulated apparent conductivity as measured by a DualEM-42
at 0.1 m height with the addition of 3% normally distributed random noise.
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Figure A2. a) Recovered electrical conductivity for the simulated noisy data in Figure A1l using an
unconstrained two-layer inversion with the default initial model (see Appendix). b) Recovered layer
thickness and RMSE. The average value of ¢4 is 1.0 and the average RMSE is 3%, commensurate

with data noise.
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Figure A3. a) Recovered electrical conductivity for the simulated noisy data in Figure A1 using an
unconstrained two-layer inversion with the initial upper layer conductivity set to 1 mS/m.
b) Recovered layer thickness and RMSE. The average value of ¢4 is 1.0 and the average RMSE is
3%, commensurate with data noise.
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