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Abstract. In 2018 the first subglacial lake in the Canadian Artic was proposed to exist beneath Devon Ice cap, based on the
analysis of airborne radar data. Here, we report a new interpretation of the subglacial material beneath Devon Ice Cap,
supported by data acquired from multiple surface-based geophysical methods in 2022. The geophysical data recorded included
9 km of active source seismic reflection profiles, 7 transient electromagnetic (TEM) soundings and 17 magnetotellurics (MT)
stations. These surface-based geophysical datasets were collected above the inferred locations of the subglacial lakes and show
no evidence for the presence of subglacial water. The acoustic impedance of the subglacial material, estimated from the seismic
data, is 9.49 + 1.92 x 10° kg m? s, comparable to consolidated or frozen sediment. The resistivity models obtained by
inversion of both the transient-electromagneticTEM and MTmagnetotelluric measurements show the presence of highly
resistive rock layers (1000_Qm — 100000 Q.s:Qm) directly beneath the ice. Re-evaluation of the airborne reflectivity data
show that the radar attenuation rates were likely overestimated, leading to an overestimation of the basal reflectivity in the
original radar studies. Here, we derive new radar attenuation rates using the temperature- and chemistry-dependent Arrhenius
equation, and when applied to correct the returned bed power, the bed power does not meet the basal reflectivity threshold
expected over subglacial water. Thus, the radar interpretation is now consistent with the seismic and electromagnetic

observations of dry or frozen, non-conductive basal material.

1 Introduction

Analysis of radio echo sounding (RES) data acquired in 2011-2015 (Rutishauser et al., 2018) and 2018 (Rutishauser et al.,
2022) proposed that the first subglacial lake in the Canadian Arctic had been detected beneath Devon Ice Cap (DIC) (Fig. 1a).
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The proposed lake covered an area of 11.6 km? and was identified from a combination of higher relative basal RES reflectivity
(proxy for dielectric contrast between two materials) and specularity content (proxy for wavelength scale roughness) over a
hydraulically flat region (Rutishauser et al., 2018; Rutishauser et al., 2022). These are characteristics that are consistent with
the typical signature of subglacial lakes (e.g., Carter et al., 2007). The proposed lake was located in a trough beneath 760 m of
ice near the summit of DIC (75°19'2.26"N 82°46'32.62"W), in a region where the ice was thought to be frozen to the bed (Van
Woychen et al., 2017). Recent temperature modelling suggested cold basal temperatures estimated between -10°C and -14°C
(Rutishauser et al., 2018). Therefore, without surface meltwater input the inferred subglacial lake beneath DIC required a high
salinity content to depress the freezing point and enable water to exist in its liquid form at the estimated cold basal temperatures.
Thus, the lake was proposed to be hypersaline (Rutishauser et al., 2018), where geologic modelling suggested that the solute
for the brine came from an underlying evaporite-rich sediment unit containing interbedded salt sequences, called the Bay Fiord
Formation (Rutishauser et al., 2018).

RES data is highly effective at mapping the ice base boundary and has excellent spatial coverage. However, as with
all geophysical methods, multiple interpretations can fit a RES data set. For example, anomalously strong and continuous basal
reflections in RES data could indicate the presence of 1) subglacial water (Carter et al., 2010); (2) water-saturated and highly
conductive sediment (Tulaczyk and Foley, 2020); or (3) smooth bedrock/sediments (Hofstede et al., 2023; Jordan et al., 2017).
Furthermore, water usually contains significant dissolved salts and is electrically conductive. This results in significant
attenuation of radar signals through the skin-depth effect. This means that reflections from structures at the bottom of lakes
are rarely observed in RES data, making it difficult to distinguish a subglacial lake from a layer of saturated sediments or a
thin sheet of water at the glacier bed. Finally, difficulties in constraining radar attenuation rates can lead to misinterpretation
of basal conditions (Matsuoka, 2011). The non-uniqueness of RES interpretations can be overcome with complementary
geophysical surveys, such as active source seismic and electromagnetic (EM) methods. Seismic, EM and radar data are
sensitive to different material properties of the subsurface, and the combination of the three methods offers more robust
evidence of subglacial water.

Seismic methods provide acoustic properties of the ice base interface which can give independent material properties
of the subsurface to confirm the presence of a subglacial lake. The acoustic impedance (product of density and compressional
wave velocity) contrast across the ice base interface provides information on whether the material directly under the ice is
acoustically soft (e.g., a lake, negative polarity reflection) or acoustically hard (e.g., consolidated sediment, positive polarity
reflection) relative to ice. Seismic methods are also capable of measuring lake depth since water is not attenuative to seismic
energy. Therefore, where available, seismic evidence is key for diagnosing the presence and thickness of a subglacial lake.

EM techniques, such as transient electromagnetics (TEM) and magnetotellurics (MT), measure the subglacial
electrical resistivity structure, and are particularly applicable for glacial hydrological studies due to the large difference in
electrical resistivity between ice (1000004 Qm — 100000000° Q+Qm) and water (0.120-1 Om — 100? QmQm) (Key and
Siegfried, 2017). Furthermore, the electrical resistivity of water decreases rapidly with salinity (Killingbeck et al., 2021).

However, EM methods are sensitive to the conductance, the product of conductivity (inverse of electrical resistivity) and
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thickness, rather than the layer resistivity or thickness alone. Therefore, a thinner, more conductive layer (e.g., thin hypersaline
lake) can produce a similar EM signal to a thicker, less conductive layer (e.g., thick package of saturated sediments) making
it difficult to determine the exact layer thickness and resistivity. By integrating multiple geophysical techniques with different
resolution capabilities, e.g., RES, seismic and EM, layer thicknesses can be accurately constrained allowing reliable
determination of the subsurface resistivity structure (Killingbeck et al., 2021).

The RES inferred presence of a subglacial lake beneath DIC, motivated a new campaign of multi-technique ground-«
based geophysical surveys in 2022 to examine the properties of the hypothesized lake, characterize the lake complex, and

thereafter to sample the subglacial water. Here, aActive source seismic, TEM and MT data wereat collected in the same field

campaign.

ic; the joint

acquisition of TEM and MT methods to characterize a subglacial lake is a novel approach. The data were recorded on two

profiles and included 9 km of active source seismic reflection data, 7 TEM soundings and 17 MT stations. One profile was
acquired across the location of the proposed lake, extending into a region where a brine network was believed to be present
(Line A). A second profile was acquired along the long axis of the proposed lake (Line B) (Fig. 1b). In this study, we present
the results from the seismic and electromagnetic data acquired over the inferred subglacial lake, which leads to a new
interpretation of the subglacial material beneath DIC. \WA ismi i
we reanalysed the RES data which lead to the original i

reflectivity data which is now consistentfits- with the- seismic and electromagnetic observations presented in this study-ef-dry

(a ) asow 84w [ 82w s1oW so°w b
X Line A
<
3 7’ ¢d
o 2 4 "
[4 v = -
ey S Line
4 3
=, D 2 '-s_J
S S 20
< B
""b‘ 4T m— Seismic line
"j MT station
7N ‘ [ TEM sounding
A 75°N == Lake outline 7
£ ' 0 10 20 === Brine network zm (
- Contour interval 25 m ﬁ
B 2 A mr flcone
W W 83w W B1W B0W 600 m I B el S oo

[ Formatted: Indent: First line: 1.27 cm



aflores
Cross-Out
maybe this could be removed?

aflores
Highlight
Maybe just keeping this sentences makes it clearer.

aflores
Comment on Text
maybe you cna refer here to Figure 1

aflores
Highlight
maybe ould be jint?

aflores
Cross-Out

aflores
Highlight

aflores
Inserted Text
BUuilt on the new data and information, 

aflores
Cross-Out

aflores
Comment on Text
these lines are redundant with previous paragrpahs

aflores
Highlight
this line could be rephrased to avoid redundaies and still make it clear. If you delete the lines as suggested you cna join this with the previous line.


95

100

105

110

115

120

Figure 1. (a) Regional map of DIC (ESRI satellite world imagery) with subglacial lake, T2 (black line) and brine network (black
dashed line) proposed from RES (Rutishauser et al., 2018; Rutishauser et al., 2022). (b) Enlarged insert shows the bed elevation
measured from RES with seismic, TEM and MT survey locations.

2 Ground-based geophysical Mmethods

2.1 Active-source seismic reflection
2.1.1 Acquisition and processing

The active source seismic reflection data acquisition consisted of a moving spread of 48 40 Hz vertical component geophones
spaced 10 m apart, along two profiles (A and B) (Fig. 1). For each spread, we collected data at 11 shot locations using an 8 kg
sledgehammer impacting a thick steel plate. At each source location, at least 5 hammer shots were stacked into a single shot
gather to increase the signal to noise ratio. The shot locations for each spread were at offsets: -60 m, 0, 120 m, 240 m, 360 m,
480 m, 530 m, 590 m, 650 m, 710 m, and 770 m from the first geophone. After data were collected at each of the 11 shot
locations, the spread was moved 470 m along the survey line and the data collection was repeated. For line A, the seismic line
was moved a total of 9 times, obtaining reflection points at the ice base spaced every 5 m along a 4500 m distance. For line B,
the seismic line was moved a total of 10 times, obtaining reflection points at the ice base spaced every 5 m along a 5000 m
distance. The in-line resolution of the migrated data and the vertical resolution is 9 m (assuming % wavelength, ). In theory,
water layers down to A/32 (1 m) can be detected; however, amplitudes from these layers may not be representative of their
elastic properties due to seismic tuning (Booth et al., 2012).

Seismic processing was completed using MATLAB and the open source CREWES package available from
www.crewes.org. The processing steps included:
Apply shot-to-shot energy variation correction along the line, method follows that applied in (King et al., 2008),
Remove bad traces,
Bandpass filtering (80 Hz, 90 Hz, 250 Hz, 260 Hz),
Bandpass filtering in the FK domain (-0.025, -0.035, 0.025 0.035),
Mute airwave using a velocity of 333 m/s,
Apply a top mute,
Apply FK fan filter between 500 and 5000 m/s,
Apply NMO correction using a velocity of 3700 m/s and DMO correction using a velocity of 3902 m/s over the

© N o g A~ w DR

steeply dipping valley side (where the dip angle is estimated at 18.510 from the Bed DEM),
9. Stack the data
10. Apply post stack finite difference migration using a velocity of 3700 m/s.
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2.1.2 Normal incident reflection method

The strength of the reflection from the base ice interface (R1) can indicate its acoustic properties and hence, allow
determination of the material that is likely present, i.e. water or rock. To estimate the acoustic properties of the ice-bed interface
(R1) we first calculate the reflection coefficient by analysing the amplitudes of R1 and its multiple. The basal reflection
coefficient ¢y can be determined as a function of incidence angle 6 using
cn(6) = 272D o ®
where Agi and Ay are the amplitude of the first and second (the multiple) ice bottom reflections, respectively, a is the
absorption coefficient, and L is the raypath length of the R1 reflection. We use the multiple bounce method (Maguire et al.,
2021; Holland et al., 2009; Horgan et al., 2021) and the normal incidence approximation where only traces with an incident
angle < 10° were used. Here, our hammer and plate impulse source has a minimum phase source signature. Therefore, our data
is minimum phase (as we have not applied deconvolution, to zero phase our data, during the seismic processing), hence the
reflections are represented by a minimum phase wavelet. We picked the absolute maximum energy of the wavelets R1 and
M1, by defining a window around the minimum phase wavelet. We assumed an attenuation a = 0.27 km (Horgan et al., 2012).
This attenuation corresponds to a seismic quality factor (Q) of 30-300 for 10-100 Hz waves in a 3860ms™* medium. We
estimate C in the trough to be 0.468 + 0.116. cp can then be used to determine the acoustic impedance (Z}) of R1 using
1+cg

Zy = Zice Tcr @

where Z;¢ is ~3.33 x 10° kg.m2 s,

2.2 Electromagnetics
2.2.1 Transient Electromagnetics

TEM data were acquired with a Geonics PROTEMG67 system consisting of a three-channel digital time-domain receiver unit,
a vertical component multi-turn receiver coil (area 100 m?), and a TEM67 generator-powered transmitter. A 500 m x 500 m
square transmitter loop was set out using snow mobiles and PVC stakes at each of the four corners, with 3.3 Q/km resistance
wire. The receiver coil was placed 250 m outside of the loop, 250 m away from the generator powered transmitter module.
The transmitter loop locations are shown in Fig. 1. Background noise levels, measured with the transmitter coil turned off, are
considered low at DIC since there are no large sources of electrical noise, e.g., power lines, buildings, roads, metal
infrastructure. Background noise readings were acquired, with noise level at 2 x 10-11 Vm. At each location the transmitter
module was used to power 23 A of current around the large loop (500 m x 500 m). Base frequencies of 7.5 Hz and 3 Hz were
acquired with 30 measurement time gates, 120 second integration time and 10 stacks, meaning each sounding took 1 hour and
30 minutes. The time—amplitude decay curves measured during each sounding (Fig. B1 Appendix B), were inverted to obtain
a 1D resistivity profile with depth (Killingbeck et al., 2020).
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In Fig. B1, the negative received voltages recorded at the early time gates (< 0.1ms) are likely due to an over saturation<+—

from remanent current still in the transmitter loop, after the turn off time, when the receiver measurement period begins. We

removed these negative data and any adjacent positive data which look to be distorted (flatten) from the over saturation (0.1

ms — 0.2 ms). At the late times (> 3 ms), we observe a flip from positive to negative data highlighting there is an induced

polarization (IP) effect on our data and the likely existence of chargeable material in the subsurface (Weidelt 1982). The

observation of an IP effect on our TEM data suggests a high-resistivity subsurface (e.g., Grombacher et al. 2021), where the

resistive background heightens the IP response from the Earth. Contrary, to the existence of a conductive hypersaline lake.

invert the positive TEM data for a normal decay curve to give an indication of the resistivity range of the ice and subglacial

material. We use the open-source MATLAB code MuLTI-TEM (Killingbeck et al., 2020) to invert the data using a trans-

dimensional Bayesian inversion method that determines the posterior probability density function of resistivity as a function

of depth (Killingbeck et al., 2020). The inversion is constrained by the ice thickness at each sounding location, derived from
RES data (Rutishauser et al., 2022), where the resistivity bounds are limited between 1000 Qm and 1000000 Qm in the ice

layer. At depths below the ice, the resistivity bounds are set between 0.1 Qm and 1000000 Qm. The inversion parameters used
in MULTI-TEM are shown in Appendix B in Table B1 and B2.
Notably, the IP effect on our TEM data has likely distorted the normal decay curve and therefore any future studies

with this dataset should invert for IP (e.g., using SPIA, Aarhus GeoSoftware) to determine the depth and magnitude of the

chargeable material in the subglacial environment.

2.2.2 Magnetotellurics

MT uses natural electromagnetic signals to image subsurface resistivity structure. In MT exploration, the depth of investigation
increases as the frequency decreases, thus, frequency can be considered a proxy for depth. Data were recorded with Phoenix
Geophysics MTU-5C instruments,—with-serial-numbers-10379-and-10351. Electric fields were measured with 100 m long
dipoles connected to the ice with titanium sheet electrodes and custom high impedance amplifiers. Magnetic fields were

measured with Phoenix Geophysics MTC80H induction coils that were buried in the snow. The station deployment is shown

6
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in Fig. 1. Line A had 7 stations with a 500 m spacing and was orthogonal to the trend of the trough that was inferred to contain
a subglacial lake. Line B had 10 stations and was parallel to the trend of the trough. At each station MT time-series data were
recorded for 24-48 hours at sample rates of 24000 Hz and 150 Hz. The stations were deployed in a geographic coordinate
system because it was not possible to use a compass owing to the high magnetic inclination.

The time series data were processed using a statistically robust algorithm of Egbert (1997). This produced high quality
estimates of apparent resistivity, phase, and tipper in the frequency band 100 Hz — 0.01 Hz. The dimensionality of the DIC
MT data were investigated using the phase tensor approach (Caldwell et al., 2004). The phase tensor gives a graphical
representation of how the measured MT data varies with the azimuth of the coordinate system used to plot the data. This
analysis of dimensionality of the data is required to determine which inversion approach (1D, 2D or 3D) is most suitable for
the data.

e If the subsurface has a 1D resistivity structure, then the phase tensor will plot as a circle and the skew angle will be
zero.

e A2D resistivity structure will result in elliptical phase tensors, also with zero skew angle. The strike direction will be
aligned with either the major or minor axis of the ellipse.

e A 3D structure will result in an elliptical phase tensor and a non-zero skew angle. By looking at the phase tensors as

a function of frequency, information can be obtained about the depth variation of the resistivity structure.

Thereafter, a 2D inversion was implemented using the code of Rodi and Mackie (2001). The starting model was
generated in the Winglink software package and included the ice layer with the base elevation taken from recent RES data

(Rutishauser et al., 2022). The ice was assigned a resistivity of 100,000 Qm (estimated from the results of the TEM Bayesian

inversion; Fig. 6) and fixed in the inversion. Furthermore, a tear (discontinuity in resistivity) was allowed at the base of the ice
to avoid excessive smoothing. This tear enables a sharp contrast in resistivity between the ice and subglacial material directly
beneath the ice in the inversion model, if required to fit the data observations. Furthermore-a number of 2D inversions were
ran to allow the optimal degree of smoothing, known as the trade-off parameter (t), to be determined. Here, a value of t=3.2
was chosen as it defines the corner of the trade-off curve representing an optimum balance between fitting the measured MT
data without obtaining an unrealistically rough model (Fig. C1 in Appendix C).

3 Results
3.1 Seismic

The seismic reflection data clearly images the ice base reflector (R1) with a second reflector (R2) directly below in the trough
and southern section (Fig. 2). In the northern part of Line A, a relatively flat plateau is observed with just one primary reflector
(R1). Continuing south along line A, the steeply dipping valley side is imaged down to the trough where the lake, T2, was
thought to exist. In the trough and southern section R1 and R2 are observed and clearly separated (maximum separation ~
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0.013 seconds). The long axis profile (Line B) clearly images R1 and R2 with constant separation along the trough (~ 0.011
seconds).

Here, we define the polarity of the first arrival of the direct wave as positive, identified by a negative minimum phase
wavelet (Fig 3a). With this in mind, we observe a positive polarity for the ice base interface (R1) and second reflector (R2)
(Fig. 3a). The polarity of R1 is -opposite to that expected for subglacial water (Fig. 3b and Fig. 4), indicating the material
directly under the ice is unlikely to be a lake. Furthermore, if a lake existed in this bedrock trough, the polarity should change
at the ice-water and ice-bedrock interfaces along Line A, but no polarity reversal is observed between R1 and R2 (Fig. 2 and
3). Using the lake boundaries derived from the RES analysis, we would expect R1 to onlap onto R2 at the lake edge, in the
southern part of Line A. However, in the southern section of Line A, R1 and R2 are clearly separated, with R2 continuing
along the southern flank and extending the entire length of Line A (Fig. 2).

To confirm our polarity analysis, synthetic seismograms were computed using the CREWES finite difference
algorithm (Margrave and Lamoureux, 2019) for two models of (1) a 10 m-thick lake underlying 760 m of glacial ice, and (2)
a 20 m-thick consolidated sediment package underlying 760 m of glacial ice (Fig. 3b-c; Appendix A) and compared to the
acquired shot gather (Fig. 3a). The source wavelet used in the simulations was a negative minimum phase wavelet with
dominant frequency 100 Hz, which best represents our impulse source (hammer and plate) and the direct wave observed in
our seismic data. Here, the model of a 20 m thick consolidated sediment package best matches the acquired shot gather (Fig.
3c).

Additionally, we conducted a sensitivity test for the polarity expected at an ice-water interface for different water
types: 1) water, 2) seawater, 3) brine at 0°, 4) brine at -4° and 5) brine at -10° (Fig. 4) (Booth et al., 2012; Brown, 2016; Prasad
and Dvorkin, 2004). Our sensitivity testing shows there is always a negative polarity reflection for an ice-water interface for
the scenarios tested (Fig. 4). For the ice-brine interfaces, the modelled reflection coefficients ranged from -0.4 for brine at 0°
to -0.2 for brine at -10°. Therefore, the positive polarity of R1 is also opposite to that expected for an ice-brine interface.
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Figure 2. Migrated seismic reflection sections for Line A and B, where the ice base reflector (R1) is highlighted, and a second

240 R2.

reflector, R2, appears directly below in the trough and southern section. Enlarged insert showing the seismic signature of R1 and

10 m thick lake 20 m thick consolidated
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Figure 3. (a) Raw shot gather acquired in the middle of the trough where Line A and B cross, thought to be the deepest part of the
proposed lake, with zoomed inserts of the direct wave and ice base reflection. (b) Synthetic shot gather of a 10 m thick lake underlying
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760 m of glacial ice. (c) Synthetic shot gather of a 20 m thick consolidated sediment package underlying 760 m of glacial ice. The
velocity and density models used for these synthetics are shown in Appendix A (Fig. Al).

lce 3700 m/s 0.92 g/cm’
(1) (2) (3) (4) (5) (5)
) Water  (2) Seawater ) Brine at 0° (4) Brine at -4° (5) Brine at-10° (6) Sediment
1500 m/s 1570 m/s 1477 m/s 1738 m/s 2200 m/s 3000 m/s
1 glem’ 1.03 g/cm’ 1.05g/cm3  1.05glcm’ 1.05 g/cm® 2 g/em’

Figure 4. Sensitivity testing for different water types: 1) water (Booth et al., 2012), 2) seawater (Brown, 2016), 3) brine at 0°, 4) brine
at-4°, 5) brine at-10° and 6) consolidated sediment (Peters et al., 2008). The acoustic properties of the brine at different temperatures
have come from the results of an acoustic pulse transmission experiment conducted in Prasad and Dvorkin (2004).

3.2 Electromagnetics

observed data have very high apparent resistivity curves (Fig. 5a). The observed EM data was compared with synthetic models

of 1) a hypersaline lake, 2) saturated sediments, and 3) a resistive subsurface. Here, the observed data has no resemblance to
the predictions of the 1D resistivity models representing a hypersaline subglacial lake or saturated sediments. The observed
data best fits the model with a very resistive subsurface (> 1000 Q-+:Qm) (Fig. 5).
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Figure 5. (a) Frequency verses apparent resistivity of the observed TEM and MT data acquired across the whole survey area with
synthetic models 1-3 plotted. (b) Synthetic models 1 — 3 resistivity structure. The time (t) after turn-off for the TEM data has been
transformed to period (T) according to the transformation T = t/0.2, which has been converted to frequency (f) for the purpose of
this plot by f = 1/T. For the MT data, the XY data denotes apparent resistivity and phase calculated from the North-South electric
field and the East-West magnetic field. The YX data denotes apparent resistivity and phase calculated from the East-West electric
field and the North-South magnetic field.

3.2.1 Transient Electromagnetics

The results from the 1D MuLTI-TEM inversion for each TEM sounding acquired along Line A are shown in Fig. 6. The
inverted resistivity profiles of the TEM data show highly resistive rock layers (1000 Qm to 100000 Q+:Qm) directly under
the ice in the trough and on the plateau with a ~ 1000 Q-mQm layer at depths > 2 km. Furthermore, all inverted resistivity
soundings for Line A and B (Appendix B, Fig. B21) show very similar results consisting of a highly resistive subsurface. Of

a, the Bayesian inversion method will always choose
the simple model. Additionally, the TEM method can resolve conductive structures more accurately than resistive ones,

11


aflores
Highlight
different notation , or kohmm or maybe at least a , to separate 1,000

aflores
Cross-Out

aflores
Cross-Out

aflores
Highlight
maybe you could add a reference, and just state that this refer with the one with the smaller variations in the resistivity values between thick layers


275

280

285

290

highlighted by a tighter probability density function over the lower ~ 1000 Q-:Qm layer compared to the resistive upper layer
shown in Fig. 6 and Fig. B2%.

acquired-on-DIC-Multiple synthetic models were created using the forward modelling code in MuLTI-TEM. A 3 layer model
was used with 1) a 100000 Q-=Qm layer overlaying 2) a layer with variable thickness and resistivity with 3) a 10000 Q-:Qm
basement. The different resistivities tested for layer 2 were 0.1 Q+Qm (representing a hypersaline lake), 1 Q..m, 10 Q:mQm
and 10000 Q-mQm. The different thicknesses tested for layer 2 were 0.01 m, 0.1 m, 1 m, 10 m and 100 m. Figure 7 shows the
results from this test highlighting a 0.01 m thick layer of 0.1 Q=Qm is resolvable compared to the resistive subsurface
observed beneath DIC. Also, a0.1 m, 1 QsQm Iayer and a 1 m thick 10 Q+:Qm layer is resolvable compared to the resistive
subsurface observed beneath DIC. These results a

the resistive-model-in-black-providing further evidence for the lack of subglacial water directly beneath DIC.
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Figure 6. Line A TEM Bayesian inversion results for the 7.5 Hz and 3 Hz base frequencies. Top plot: posterior distribution of
resistivity with depth. Middle plot: posterior distribution of the number of layers. Bottom plot: comparison of data fit plot, with the
best fitting forward model accepted in the ensemble (-) compared to the data (*) and error tolerance (--). The black data points are
the 3 Hz base frequency, and the blue data points are the 7.5 Hz base frequency. The red dashed line is the background noise level.
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Figure 7. TEM vertical resolution analysis of synthetic 3 layered models compared to the DIC TEM data. Synthetic models are
shown by the green, blue, brown and black lines which include: a 100000 Q-mQm layer, overlaying a layer with variable thickness
and resistivity (0.1 @-mQm, 1 Q..m, 10 Q:mQOm and 10000 Q.mQm, respectively) with a 10000 Q-mQm basement. The different
thicknesses for layer 2 are: (a) 0.01 m, (b) 0.1 m, (c) 1 m, (d) 10 m and (e) 100 m. The DIC TEM data is shown in grey with the
background noise levels marked by the red dashed line.
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3.2.2 Magnetotellurics

Analysis of the MT apparent resistivity curves (Fig. 5a) shows that at the highest frequencies (100 Hz - 30 Hz) the XY and
Y X apparent resistivity are similar, suggesting the subsurface resistivity structure may be relatively 1D. Here, the phase tensors
show relatively high skew angles, indicating complicated near surface resistivity structure (Fig. 8a). Below a frequency of 30
Hz the XY and YX apparent resistivity curves separate, indicated a resistivity structure that is 2D or 3D (Fig. 5a). Here, the
phase tensors are aligned with the major axes perpendicular to the trend of the subglacial trough, and Line B. While the skew
angles are not zero, the data in the frequency band 100 Hz — 1 Hz show evidence for a 2D behaviour with a strike of N105°E
(Fig. 8b-c). The data were rotated to a co-ordinate system with a strike direction of N105°E. The XY data were defined as the
TE mode and the YX data defined as the TM mode. The measured data show that the TE mode has much lower apparent
resistivity values at low frequency than in the TM mode (Fig. C2).

Three 2D inversions were undertaken for Line A. Line B cannot be inverted with a 2D approach since it is parallel to
the geoelectric strike. The first inversion ran for Line A began from the model with the ice layer. Error floors of 10% and 5%
were applied to the apparent resistivity and phase respectively. Data in the frequency band 100 Hz — 1 Hz were selected for

inversion to focus on the shallow structure. The t = 3.2 inversion reached an r.m.s. misfit (error weighted value, where an ideal

fit would result in a value of 1) of 1.356 after 200 iterations. The fit is shown in Fig. C2 and good agreement between the

measured and predicted MT data can be seen. The final resistivity model is shown in Fig. 9a where the subglacial resistivity
is wenyhigh, 3000 Qm to 10,000 Qm; whereas hypersaline water is expected to have a resistivity of ~0.16 Q:Qm (Killingbeck
et al., 2021). Two features with lower resistivity can be observed in the model. The first is a layer with resistivity in the range
300 Qm — 1000 Qm located at a depth of 3_km - 4 km below the surface and dipping to the north. This feature is responsible
for the decreasing apparent resistivity as a function of frequency at all stations. The second is a more subtle ~ 3000 Qm layer
located directly beneath the deepest part of the trough. With the limited number of MT stations this resistivity feature is only
resolved by 1 or 2 MT stations. Two additional inversions were performed to determine if this feature is required by the data.

The pseudo section in Fig. C2 shows evidence for a static shift in the TM apparent resistivity at the station distanced
1 km along Line A. A static shift is a frequency independent offset in apparent resistivity and is often caused by near surface
heterogeneity. The second inversion for Line A allows static shifts to be present in both the TE and TM mode data. The second
inversion ran for Line A produced a model that was similar to that obtained in the first inversion (Fig. 9b).

To determine if the relatively low resistivity (~ 3000 Qm) basal layer was present beneath the ice, a final inversion
was performed with a second tear permitted at a depth of 100 m beneath the base of the ice. This third inversion showed that
a ~ 3000 Qm layer was consistent with the data, but not required (Fig. 9c). The lack of high frequency MT data limits the
resolution of the shallowest subglacial structure that can be resolved. However, these higher frequencies were obtained from
the TEM data and a joint comparison of the TEM and MT measured data with synthetic models showed the observed EM data

is very different to that expected for a subglacial hypersaline lake (Fig. 5).
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Figure 8. Phase tensor at frequencies of 58 Hz, 1.6 Hz and 0.04 Hz plotted in map view. The direction of the major and minor axes
of the ellipses show to possible strike directions. Circles indicate a 1D structure while ellipses indicate a 2D or 3D structure. This
direction variation varies with frequency but is consistent with the direction of the trough axis which is N105E. The colour fill shows
the skew angle of (Caldwell et al., 2004). Values close to zero indicate a 1D or 2D resistivity structure. Non-zero values indicate a 3D
resistivity structure.
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Figure 9. 2D models for Line A obtained by inversion with the algorithm of Rodi et al. (2001). The starting model included the ice
layer with a resistivity of 100,000 Qm. (a) Inversion 1. (b) Inversion 2 with static shifts free at the station 1 km along the line. (c)
Inversion 3 with statics shifts free at the station 1 km along the line and a second tear added 100 m below the base of the ice. Trade-
off parameter for all three inversions was t=3.2.

3.3 Properties of the material directly under DIC

The acoustic impedance of the material in the trough, directly beneath the centre of DIC, is estimated using the normal incident
reflection coefficient method. Here, the estimated acoustic impedance of reflector R1 is 9.49 + 1.92 x 10 kg m?2s%, comparable
to the hardest rocks and frozen sediments at Subglacial Lake Ellsworth, Antarctica (Smith et al., 2018) and significantly higher
than that of water 1.5 x 10° kg m? s (Fig. 10a). Laboratory studies which measured the acoustic properties of permafrost
samples collected in the Canadian Arctic, show that an increase in clay content results in a decrease in seismic velocity at

temperatures < 0°C (King, 1984). An-additi

velocity-has-shown-an increase in porosity and pore fluid salinity can lead to a decrease in the seismic velocity at temperatures
< 0°C (Pandit & King, 1979). Direct comparison of these studies to the estimated acoustic impedance of the subglacial material
in the trough beneath DIC, suggest the material could have a low clay content <46%-and a low content of unfrozen saline pore
fluid (Fig. 10a).

The inverted resistivity profiles of both the TEM and MT measurements suggest highly resistive rock layers (1000 —
100000 Q-mQm) are present directly beneath the ice, with a 1000 Q-mQm layer at depths > 2 km (Fig. 6, 9 and B21). These
resistivity values are ~3 orders of magnitude greater than those expected in the presence of a hypersaline lake (~0.16 Q-#Qm;
Killingbeck et al., 2022), a freshwater lake (1 Qm - 10 Q+:Qm; Christner et al, 2014; Priscu et al., 2021) or unfrozen saturated
sediment (~1 Qm - 100 Q=Qm; Gustafson et al., 2022) (Fig. 10b). Laboratorystudies-which-measured-the resistivity of
s at temperatures < -10°C show that a high clay content and saline pore fluid

can decrease the resistivity by orders of magnitude (Pandit & King, 1979; King et al., 1988). Direct comparison of these studies
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to the estimated resistivity of the subglacial material in the trough beneath DIC, supports our interpretation from the acoustic
impedance analysis, that the material is likely to have a low clay content and low content of unfrozen saline pore fluid.
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Figure 10. Properties of the material in the trough directly beneath DIC. a) Acoustic impedance compared to that of subglacial
material from subglacial lake Ellsworth: 1) lakebed, subaqueous, soft wet sediment, (2) subglacial, soft wet sediments, (3) hard bed,
wet sediments and (4) hardest bed, rock or frozen sediment (Smith et al., 2018), and laboratory studies measuring the acoustic
properties of permafrost and sedimentary samples collect in the Canadian Arctic at -15°C (King, 1984; Pandit & King, 1979).
Horizontal coloured lines represent estimated acoustic impedance values for different materials detailed in Peters et al. (2008). b)
Resistivity compared to that of subglacial lake Whillans (SWL; Christner et al, 2014) and Mercer (SLM; Priscu et al., 2021) direct
samples, airborne electromagnetic (AEM) measurements from the Taylor Dry Valleys, Antarctica ((5) Blood Falls outflow, (6) west
lake Bonney between 5 m and 35 m depth, (7) lake Fryxell between 5 m and 18 m depth, (8) sediments with brine in the pores and
(9) glacier ice (Mikucki et al., 2015), and laboratory studies measuring the resistivity of permafrost and sedimentary samples collect
in the Canadian Arctic at temperature <-10°C (Pandit & King, 1979; King et al., 1988). Horizontal coloured lines represent estimated
resistivity values for different materials detailed in Killingbeck at al., (2021) and Key and Siegfried (2017).
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4 Re-evaluation of the airborne reflectivity data

luetive-bs asal-mater ial-4.1 Methods for calculating radar attenuation rates

To calculate basal reflectivity, the radar energy loss through dielectric absorption of the overlying ice (englacial attenuation<
rates) must be estimated. Attenuation rates are commonly derived directly from RES data via linear regression fits between
the observed bed power and ice thickness (Rutishauser et al., 2018; Rutishauser et al., 2022; Gades et al., 2000; Schroeder et
al., 2016; Schroeder et al., 2016) (Fig. 11a). However, attenuation rates can also be predicted from a temperature- and
chemistry-dependent Arrhenius equation (MacGregor et al., 2007; MacGregor et al., 2015). At DIC, the linear regression fit
method from the previous studies provided attenuation rate estimates of 21.8 dB/km (regression fit over the entire dataset;
Rutishauser et al., 2022) and 26.8 dB/km (mean of a regression fit on a profile-by-profile basis; Rutishauser et al., 2018),
yielding a relatively high basal reflectivity that was interpreted as a subglacial lake (Fig. 11b). However, considering the new
seismic, TEM and MT results, we hypothesize that these attenuation rates were overestimated, leading to an overestimation of
the basal reflectivity. We therefore re-evaluated the attenuation rates (radar-derived vs. Arrhenius modeled) and resulting basal
reflectivities.

4.21 Derivation of Arrhenius-modeled Attenuation Rates

Here, we derive new attenuation rates using the temperature- and chemistry-dependent Arrhenius equation. The derivation and
description of Arrhenius-modeled attenuation rates closely follows a previous application over DIC (Rutishauser, 2019).
Arrhenius-modeled attenuation rates are derived via the relationship between the radar attenuation rate Na and the high-
frequency limit of the electrical conductivity o,, (measured in pSm, Equation 3), which is related to the ice impurity
concentration and temperature via the Arrhenius-type conductivity model (Equation 4):

101
= o, ®

@ 1000gpcyE

where &, is the permittivity- and c the speed of light in vacuum, and & = 3.15 is the dielectric permittivity of ice. The Arrhenius
conductivity model is expressed as

_ Epure 1 1
Ow = Opure€Xp [T (f - f)]
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where g, and Epure are the conductivity and activation energy for pure ice, respectively, k = 1.38 x 10723JK ™" is the
Boltzmann constant, T is the ice temperature and T, is a reference temperature. For the impurities H*, CI- and NHg*, p is the
molar conductivity, [x] is the molarity and E is the activation energy. Values for the molar conductivities and pure ice
conductivity were taken as the M07 a,, model for the Greenland Ice Sheet described in (MacGregor et al., 2015) and applied
by (Jordan et al., 2016). To model attenuation rates over DIC, impurity concentrations were derived as the mean of measured
concentrations along a 20 m deep firn core retrieved on DIC in 2015 (Criscitiello et al., 2021). All parameters used in the g,
model are detailed in Table D1 in Appendix D. The temperature-attenuation rate models and application to two example ice
temperature profiles are shown in Fig. D1 in Appendix D.

Ice temperatures used in the Arrhenius model are estimated from a 1D steady-state advection-diffusion model (Cuffey
and Paterson, 2010), previously applied to DIC (Rutishauser et al., 2018; Rutishauser et al., 2022). This temperature model
ignores horizontal temperature exchanges as well as basal frictional heating, strain heating from ice deformation and potential
latent heat contributions from refreezing of percolated meltwater in the firn or water at the base of the ice. Flow regime

classifications (Burgess et al., 2005) show that the central part of DIC lies within flow regime 1 (FR1, % < 0.05 yr~1, where

v is the ice surface velocity and d the ice thickness) for which flow is driven by internal deformation, and thus the underlying
basic assumptions for a 1D advection-diffusion model are valid.

Ice temperature profiles over DIC are calculated for each grid cell of the ice thickness data by (Rutishauser et al.,
2022), using a geothermal heat flux of 655 mW m2 (Grasby et al., 2012), an accumulation rate of 0.19+0.05 m water
equivalent per year (Paterson 1976; Reeh and Paterson 1988) converted to downward velocity using a firn density of 330
kg/m?, and a mean annual air temperature derived via scaling a reference temperature of -23+1°C at 1825 m asl. (Kinnard et
al., 2006) with a 4.1°C/km lapse rate (Rutishauser et al., 2018; Gardner et al., 2009) over the entire ice cap. Finally, data points
outside of FR1 (g > 0.05 yr~1), calculated from velocities reported in Van Wychen et al. (2014) are excluded. Uncertainties

from the ice temperature and Arrhenius model are propagated, leading to attenuation rate uncertainties over DIC between 4.6-
7.5 dB/km, and a mean of 6.1 dB/km (Fig. D2 in Appendix D).

Here, the Arrhenius modelled attenuation rates over DIC range between 14-23 dB/km (Fig. 11c), with a mean of 17
dB/km along all survey lines, and 15.6 dB/km over the lake area (Fig. 11). These attenuation rates are significantly lower than
the radar-derived attenuation rates and applying them to correct the returned bed power yields a much lower basal reflectivity
in the trough (5.7 dB and 3.2 dB, respectively, Fig. 11d, Table 1). These lower reflectivities do not meet the basal reflectivity
threshold expected for the presence of subglacial water (Carter et al., 2007) and would have not led to the interpretation of a

subglacial lake.
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Figure 11. Re-analysis of radar attenuation rates and reflectivity over DIC. (a) Linear regression fits (over entire DIC datasets) to
derive attenuation rates (Ngiobar) from the Operation Ice Bridge (O1B) MCoRDS radar data (2011, 2012) used in (Rutishauser et al.,
2018) (grey) and the SRH1 HiICARS data used in (Rutishauser et al., 2022) (black). (b) SRH1 basal reflectivity (Rutishauser et al.,
2022) corrected using a constant (Ngiobal) rate of 21.8 dB/km (linear regression in a). (c) Arrhenius modeled attenuation rates over
DIC. Black and grey thin lines are the SRH1 and OIB 2011/2012 survey lines, respectively. (d) SRH1 basal reflectivity corrected
using the Arrhenius modelled attenuation rates (Narrh, sShown in c). (e) Attenuation rates derived from the SRH1 dataset via an
adaptive fitting approach (Schroeder et al., 2016; Chu et al., 2021). Black squares indicate areas where the minimum fit criteria are
not met (Appendix D). (f) OIB 2011/2012 basal reflectivity corrected using the Arrhenius modelled attenuation rates (shown in c).
All attenuation rates are noted as one-way attenuation rates.
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Table 1. Comparison of radar-derived and Arrhenius modelled attenuation rates (one-way) over DIC. Including the resulting mean
basal reflectivity (R) over the previously hypothesized subglacial lake area.

. . Attenuation rate | Basal reflectivity over

Dataset Attenuation rate technique .
(dB/km) subglacial lake area (dB)

SRH1 Linear regression fit over all data, Ngiobar | 21.8 10.8
(Rutishauser et | Adaptively fitted (mean) 14.2-39.9 (24.6) 8.9
al., 2022) Arrhenius-modeled Nagn (mean) 14.2-23 (16.9) 5.7
OIB 2011, 2012 | Linear regression fit over all data, Ngiobar | 24.3 10.3
(Rutishauser et )
al., 2018) Arrhenius-modeled Nann (Mean) 14-21.4 (16.8) 3.2

4.32 Adaptive attenuation rate fitting

In addition to the Arrhenius modelling approach, we also test an adaptive bed power to ice thickness fitting approach
(Schroeder et al., 2016; Chu et al., 2021) (Fig. 12). We use the SRH 1 dataset (Rutishauser et al., 2022) and derive attenuation
rates at evenly distanced (2.5 km) grid points over the DIC survey area. For each point, we use an initial search radius of 5 km
to calculate the correlation-coefficient magnitude between the ice thickness and attenuation corrected bed power for attenuation
rates ranging between 0 dB/km - 40 dB/km. Then, correlation-coefficient fit conditions are evaluated, and if not met, the search
radius is extended (each round by 1 km) until a maximum radius of 25 km. We set the minimal fit criteria to 1) the minimum
correlation-coefficient magnitude Cw < 0.01, 2) an initial correlation-coefficient magnitude Co< 0.5, and 3) the radiometric
resolution Ny < 3 dB/km (Schroeder et al., 2016).

While the general distribution of increasing attenuation rates towards the margins (Fig. 12e) is reasonable, the spatial
distribution reveals abrupt transition zones that may be artefacts of the method rather than abrupt changes in the ice properties.
Furthermore, the minimum fitting criteria are not met over most of the southern catchment area on DIC, including the
hypothesized subglacial lake region, highlighting the difficulties in applying this method to the DIC RES dataset.
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Figure 12. Results and correlation-fit parameters from the adaptive attenuation fitting approach (Schroeder et al., 2016; Chu et al.,
2021). (a) Half-width of the correlation coefficient minimum Nh. (b) Uncorrected correlation coefficient magnitude CO. (c) Minimum
correlation coefficient Cm. (d) Search radius used to derive the resulting attenuation rate (either criteria are met, or maximum
search radius of 25 km is reached). () One-way attenuation rate. Black squares mark areas where the minimum fit criteria of Nh <
3 dB/km (a) or C0 > 0.5 (b) are not met. (f) Relative basal reflectivity upon application of the attenuation rates in (e).

5 Conclusions

In this study, we provide new geophysical evidence which shows that the proposed hypersaline subglacial lake beneath DIC
is unlikely to contain water and has been misidentified. Seismic analysis shows that the ice base interface in the location of the
proposed lake has a positive reflection, and the acoustic impedance of the material is estimated to be 9.49 + 1.92 x 10° kg m
s, comparable to the hardest rocks and frozen sediments at Subglacial Lake Ellsworth, Antarctica. The inverted resistivity
profiles of both the TEM and MT measurements suggest highly resistive rock layers (1000 Qm — 100000 Q-:Qm) directly
under the ice, comparable to Arctic permafrost and bedrock. Re-evaluation of the airborne reflectivity data at DIC shows that
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the RES attenuation rates (derived directly from the RES data via a linear regression fit between the observed bed power and
ice thickness) were likely overestimated, leading to an overestimation of the basal reflectivity in the original RES studies (10.8
dB mean over the lake). Here, we derived new attenuation rates using the temperature- and chemistry-dependent Arrhenius
equation and applied them to correct the returned bed power. Our new analysis shows the bed power (5.7 dB mean over the
lake) does not meet the basal reflectivity threshold expected over subglacial water.

At

apphied-present, a set of criteria need to be met for a subglacial lake to be identified using RES datasets. Most often, the

identification of a subglacial lake is made based on relatively high basal RES reflectivity and specularity content and lying in

a hydraulically flat region (Carter et al., 2007). TFhis important example shows that the detection of subglacial lakes by RES

is highly sensitive to the attenuation rate applied. We show-B different methods for calculating attenuation rates may yield

different results-basal reflectivity’s and should be rigorously assessed during RES analysis. Evidently, sensitivity studies on

radar attenuation rates are a critical step in RES processing and fundamental to accurately identify subglacial lakes. s

limitations-of each-dataset-can-be-quantified—\We suggest the current criteria for subglacial lake detection from RES datasets

includes an attenuation rate sensitivity assessment to quantify uncertainty in the basal reflectivity. Furthermore, we suggest a

move towards reporting RES proposed subglacial lakes probabilistically or using confidence levels, e.g., Bowling et al., 2019.

FurthermereFinally, our study highlights that the acquisition of multiple geophysical techniques, where logistically possible,

are essential to reliably interpret subglacial water systems.

Appendix A: Active-source seismic refection synthetic modelling

For our synthetic seismograms, the near surface Vp structure of the snow, firn and ice was derived from refraction observations
in the seismic data, where the travel times of the first arrivals were picked and a tomography inversion applied. This was used
as the shallow Vp profile (0 m - 80 m) of the synthetic models. The seismic velocity profiles for the two models are shown in
the inserts in Fig. Ala and Alb.
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Figure Al. (a) Vp and density model used to compute the synthetic model shown in C. (b) Vp and density model used to compute
the synthetic model shown in D. (c) Devon shot gather compared with synthetic seismic data for a 10 m thick subglacial lake, with a
zoomed in window of the reflected wavelets.

Appendix B: Transient electromagnetics
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Table B1. TEM survey parameters input into MuLTI-TEM (Killingbeck et al., 2020).

Parameter | Unit Parameter description Devon Ice Cap parameters
name
REFTYM msec Time from which TOPN & TCLS are measured. For | 83.25
example, this could be signal off-time or start of downward
ramp.
OFFTYM msec Time between end of one pulse and the start of the next | 166.5
pulse (of opposite sign) since a bipolar waveform is
assumed. This is most likely equal to % period of the
complete waveform. For systems which have a signal
which is always on, OFFTIME = 0.
TXON msec Digitised time of each point in the waveform (fixed at 4 | [0.0, 0.31 82.94, 83.25]
points). In most cases, TXON(1) = 0, TXON(2) = pulse
on-time, TXON(3) = pulse off-time, TXON(@4) =
REFTYM where TXON(4) - TXON(3) = turn off time.
TXAMP amps Transmitter current at time TXON(Q). If signal is | [0.0,1.0,1.0,0.0]
normalised, this should be 1.
TOPN msec Start times of receiver windows, the number of time gates | [0.080000, 0.100000, 0.126300, 0.158800, 0.202500,
is 30. 0.257500, 0.327500, 0.412500, 0.520000, 0.650000,
0.800000, 0.963000, 1.175000, 1.450000, 1.788000,
2.225000, 2.790000, 3.500000, 4.413000, 5.575000,
7.050000, 8.940000, 11.33800, 14.40000, 18.31000,
23.30000, 29.66300, 37.80000, 48.15000, 61.36000]
TCLS msec End times of receiver windows, the number of time gates | [0.100000, 0.126300, 0.158800, 0.202500, 0.257500,
is 30. 0.327500, 0.412500, 0.520000, 0.650000,
0.800000, 0.963000, 1.175000, 1.450000, 1.788000,
2.225000, 2.790000, 3.500000, 4.413000, 5.575000,
7.050000, 8.940000, 11.33800, 14.40000, 18.31000,
23.30000, 29.66300, 37.80000, 48.15000, 61.36000,
78.2000]
SXE meters East coordinate of vertex | for loop position J, fixed at 4 | [250, -250, -250, 250]
vertices. Note the transmitter is fixed on the ground (Z=0)
in this adapted Leroi code.
SXN meters North coordinate of vertex | for loop position J, fixed at 4 | [250, 250, -250, -250]
vertices.
RXE meters Receiver easting. 500
RXN meters Receiver northing. 0
RXZ meters Receiver z (always be 0 for ground-based TEM). 0
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Table B2. MuLTI_TEM inversion parameters.

Inversion Parameter

Value

Number of Layers (constrained)

2

Weighting (data variance, )

% is of the signal at each timegate

30% for the first 2 data points
10% for the middle data points
90% for the last 2 data points

Minimum number of total floating nuclei 0
Maximum number of total floating nuclei 100
Maximum depth 3000 m
Burn in number 10 000
Number of Iterations (including burn in) 200000

Number of MCMC chains

1 used in analysis but up to 4 are tested at each sounding

to check convergence

Sigma resistivity change (log(R)) 2
Sigma move (meters) 500
Sigma birth (log(R)) 2
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510 Appendix C: Magnetotellurics
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Figure C1. L-curve for inversion 1. A value of T = 3.2 represents a compromise between reducing the r.m.s. misfit as much as possible
while preventing the resistivity model from over fitting the data.
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Appendix D: Re-evaluation of the airborne reflectivity
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propagating ice temperature

and impurity uncertainties.
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525 Table D1. Parameters used in the Arrhenius-type conductivity model to estimate attenuation rates across DIC and over the NW

530

535

Greenland subglacial lakes.

Symbol Description Units Value
Tr Reference temperature K 2522
T lce temperature K I\/-Iode?ed using a steady-state 1D advection-
diffusion model
Opure Conductivity of pure ice uSm-t 9.240.2%
Hy+ Molar conductivity of H* Smim? 3.24£0.5°
Her- Molar conductivity of CI- SmiMm? 0.43+0.072
Hyuy Molar conductivity of NH4* SmimMm? 0.8?
[H¥] Molar concentration of H* uM 1.82+1.34°/ 1.6+1.2¢
[CI] Molar concentration of CI- uM 1.00+0.82° / 0.4+0.4¢
[NH.*] Molar concentration of NH4* uM 1.20+1.31°/0.5+0.6°
Epure Activation energy of pure ice eV 0.51+0.012
Ey+ Activation energy of H* eV 0.20+0.04*
E¢ Activation energy of CI- eV 0.19+0.022
ENH; Activation energy of NH4* eV 0.23%

2Values taken from the MO7 model for the Greenland Ice Sheet as described in (MacGregor et al., 2015) and applied by (Jordan
et al., 2016).? Average concentration measured along a DIC firn core (Criscitiello et al., 2021), and used for the Arrhenius

attenuation rate model over DIC. H* is derived from the HNOj3 concentrations. ¢ Impurity concentrations during the Holocene

epoch used by (MacGregor et al., 2015)..-2

Data availability

All seismic, TEM and MT data, acquired on DIC, used in this study are available from https://doi.org/10.5281/zenodo.7641565
(Killingbeck et al., 2023). The SRH1 DIC airborne radar data re-evaluated in this study was accessed from:
https://doi.org/10.5281/zenod0.5795105 (Rutishauser et al., 2022). The Operation Ice Bridge radar data over DIC are available
on the CReSIS public webpage https://data.cresis.ku.edu/. Impurity concentrations used in Arrhenius temperature attenuation
relationship can be accessed at: https://bit.ly/3k6UCua (Criscitiello et al., 2021).

34



540

545

550

555

560

Author contributions

Conceptualization: SFK, CFD, MJU, and ADB. Methodology: SFK, CFD, MJU and AR. Software: SFK, MJU and AR.
Validation: SFK, JK, MJU and AR. Formal analysis: SFK, AR, MJU, JK, TH, and ADB. Investigation: JK, TH, BM and EB.
Resources: SFK, ASC, MJU and AR. Data Curation: SFK. Writing - Original Draft: SFK, AR, AD, MJU, and ASC. Writing
- Review & Editing: All authors. Visualization: SFK and AR. Supervision: CFD, ASC and AD. Project administration: SFK,
AD and ASC. Funding acquisition: AD, AR, ASC, CFD and MJU.

Competing interests

One of the (co-)authors is a member of the editorial board of The Cryosphere, and the authors have no other conflicts of

interests to declare.

Acknowledgments

We thank the Polar Continental Shelf Program for logistical support throughout the field season; Rob Harris at Geonics for his
support and help with the TEM method; Zoe Vestrum at the University of Alberta for her MT support during deployment to
the field; Nikolaj Foged at Aarhus University for his support with the TEM data processing; Natalie Wolfenbarger at the
University of Texas Institute for Geophysics for useful discussions about RES attenuation rates.

Financial support

This research was funded by the Weston Family Foundation. The aircraft hours were funded by the Polar Continental Shelf
Program (PCSP) and ArcticNet. MT survey was supported by a NSERC Discovery Grant to Martyn Unsworth and the Future
Energy Systems program at the University of Alberta.

References

Booth, A.D., Clark, R.A., Kulessa, B., Murray, T., Carter, J., Doyle, S. and Hubbard, A. Thin-layer effects in glaciological
seismic amplitude-versus-angle (AVA) analysis: implications for characterising a subglacial till unit, Russell Glacier, West
Greenland. The Cryosphere, 6, 909-922, doi.org/10.5194/tc-6-909-2012, 2012.

Bowling, J.S., Livingstone, S.J., Sole, A.J. and Chu, W. Distribution and dynamics of Greenland subglacial lakes. Nature
communications, 10(1) p.2810., http://dx.doi.org/10.1038/s41467-019-10821-w, 2019.

35

[ Formatted: Default Paragraph Font




565

570

575

580

585

Brown, W. S. Physical properties of seawater. Springer handbook of ocean engineering, 101-110, doi.org/10.1007/978-3-319-
16649-0_5, 2016.

Burgess, D.O., Sharp, M.J., Mair, D.W., Dowdeswell, J.A. and Benham, T.J. Flow dynamics and iceberg calving rates of
Devon Ice Cap, Nunavut, Canada. Journal of Glaciology, 51, 219-230, doi.org/10.3189/172756505781829430, 2005.

Caldwell, T.G., H. M. Bibby and C. Brown, The magnetotelluric phase tensor, Geophys. J. Int, 158, 457-469,
doi.org/10.1111/j.1365-246x.2004.02281.x, 2004.

Carter, S.P., Blankenship, D.D., Peters, M.E., Young, D.A., Holt, JJW. and Morse, D.L. Radar-based subglacial lake
classification in Antarctica. Geochemistry, Geophysics, Geosystems, 8, doi.org/10.1029/2006gc001408, 2007.

Christner, B.C., Priscu, J.C., Achberger, A.M., Barbante, C., Carter, S.P., Christianson, K., Michaud, A.B., Mikucki, J.A.,
Mitchell, A.C., Skidmore, M.L. and Vick-Majors, T.J. A microbial ecosystem beneath the West Antarctic ice sheet. Nature,
512, 310-313, doi.org/10.1038/nature13841, 2014.

Chu, W., Hilger, A.M., Culberg, R., Schroeder, D.M., Jordan, T.M., Seroussi, H., Young, D.A., Blankenship, D.D. and
Vaughan, D.G. Multisystem synthesis of radar sounding observations of the Amundsen Sea sector from the 20042005 field
season. Journal of Geophysical Research: Earth Surface, 126, doi.org/10.1029/2021jf006296, 2021.

Cockell, C. S. Bagshaw, E., Balme, M., Doran, P., Mckay, C. P., Miljkovic, K., Pearce, D., Siegert, M. J., Tranter, M., Voytek,
M., Wadham, J. in Antarctic Subglacial Aquatic Environments. American Geophysical Union 129-148,
doi.org/10.1029/2010gm000939, 2013.

Criscitiello, A.S., Geldsetzer, T., Rhodes, R.H., Arienzo, M., McConnell, J., Chellman, N., Osman, M.B., Yackel, J.J. and
Marshall, S. Marine Aerosol Records of Arctic Sea-Ice and Polynya Variability From New Ellesmere and Devon Island Firn

Cores, Nunavut, Canada. Journal of Geophysical Research: Oceans, 126, doi.org/10.1029/2021jc017205, 2021.
Cuffey, K.M. and Paterson, W.S.B. The physics of glaciers. Academic Press. doi.org/10.3189/002214311796405906, 2010.

Egbert GD, Robust multiple-station magnetotelluric data processing, Geophysical Journal International, 130, 475-496,
doi.org/10.1111/j.1365-246x.1997.th05663.x, 1997.

Gades, A. M., C. F. Raymond, H. Conway, and R. W. Jagobel. Bed Properties of Siple Dome and Adjacent Ice Streams, West
Antarctica, Inferred from Radio-Echo  Sounding Measurements. Journal of Glaciology 46, 88-94,
doi.org/10.3189/172756500781833467, 2000.

36



590

595

600

605

610

Gardner, Alex S., Martin J. Sharp, Roy M. Koerner, Claude Labine, Sarah Boon, Shawn J. Marshall, David O. Burgess, and
David Lewis. Near-Surface Temperature Lapse Rates over Arctic Glaciers and Their Implications for Temperature
Downscaling. Journal of Climate. 22, 4281-98, doi.org/10.1175/2009jcli2845.1, 2009.

Grashy, S E, D M Allen, S Bell, Z Chen, G Ferguson, A Jessop, M Kelman, et al. Geothermal Energy Resource Potential of
Canada. Geological Survey of Canada, Open File (Revised) 6914, doi.org/10.4095/291488, 2012.

Grombacher, D., Auken, E., Foged, N., Bording, T., Foley, N., Doran, P.T., Mikucki, J., Dugan, H.A., Garza-Giron, R., Myers,
K. and Virginia, R.A. Induced polarization effects in airborne transient electromagnetic data collected in the McMurdo Dry
Valleys, Antarctica. Geophysical Journal International, 226, 1574-1583, doi.org/10.1093/gji/ggab148, 2021.

Gustafson, C.D., Key, K., Siegfried, M.R., Winberry, J.P., Fricker, H.A., Venturelli, R.A. and Michaud, A.B. A dynamic saline
groundwater system mapped beneath an Antarctic ice stream. Science, 376, 640-644, doi.org/10.1126/science.abm3301, 2022.

Hofstede, C., Wilhelms, F., Neckel, N., Fritzsche, D., Beyer, S., Hubbard, A., Pettersson, R. and Eisen, O., 2023. The subglacial
lake that wasn't there: Improved interpretation from seismic data reveals a sediment bedform at Isunnguata Sermia. Journal of
Geophysical Research: Earth Surface, 128, doi.org/10.1029/2022jf006850, 2023.

Holland, C.W. and Anandakrishnan, S. Subglacial seismic reflection strategies when source amplitude and medium attenuation
are poorly known. Journal of Glaciology, 55, 931-937, doi.org/10.3189/002214309790152528, 2009.

Horgan, H. J., Van Haastrecht, L., Alley, R. B., Anandakrishnan, S., Beem, L. H., Christianson, K., ... & Siegfried, M. R.
Grounding zone subglacial properties from calibrated active-source seismic methods. The Cryosphere, 15, 1863-1880,
doi.org/10.5194/tc-15-1863-2021, 2021.

Horgan, H.J., Anandakrishnan, S., Jacobel, R.W., Christianson, K., Alley, R.B., Heeszel, D.S., Picotti, S. and Walter, J.I.
Subglacial Lake Whillans—Seismic observations of a shallow active reservoir beneath a West Antarctic ice stream. Earth and
Planetary Science Letters, 331, 201-209, doi.org/10.1016/j.epsl.2012.02.023, 2012.

Jordan, T. M., J. L. Bamber, C. N. Williams, J. D. Paden, M. J. Siegert, P. Huybrechts, O. Gagliardini, and F. Gillet-Chaulet.
An Ice-Sheet-Wide Framework for Englacial Attenuation from Ice-Penetrating Radar Data. Cryosphere 10, 1547-70,
doi.org/10.5194/tc-10-1547-2016, 2016.

Jordan, T.M., Cooper, M.A., Schroeder, D.M., Williams, C.N., Paden, J.D., Siegert, M.J. and Bamber, J.L. Self-affine
subglacial roughness: consequences for radar scattering and basal water discrimination in northern Greenland. The Cryosphere,
11, 1247-1264, doi.org/10.5194/tc-11-1247-2017, 2017.

37



615

620

625

630

635

Kelbert A, N Megbel, GD Egbert, K Tandon, ModEM : A modular system for inversion of electromagnetic geophysical data,
Computers and Geosciences, 66, 40-53, doi.org/10.1016/j.cage0.2014.01.010, 2014.

Key, K. and Siegfried, M.R. The feasibility of imaging subglacial hydrology beneath ice streams with ground-based
electromagnetics. Journal of Glaciology, 63, 755-771, doi.org/10.1017/jog.2017.36, 2017.

Killingbeck, S.F., Booth, A.D., Livermore, P.W., Bates, C.R. and West, L.J. Characterisation of subglacial water using a
constrained transdimensional Bayesian transient electromagnetic inversion. Solid Earth, 11, 75-94, doi.org/10.5194/se-11-75-
2020, 2020.

Killingbeck, S.F., Dow, C.F. and Unsworth, M.J. A quantitative method for deriving salinity of subglacial water using ground-
based transient electromagnetics. Journal of Glaciology, 68, 319-336, doi.org/10.1017/jog.2021.94, 2021.

King, E.C., Smith, A.M., Murray, T. and Stuart, G.W. Glacier-bed characteristics of midtre Lovénbreen, Svalbard, from high-
resolution seismic and radar surveying. Journal of Glaciology, 54, 145-156, doi.org/10.3189/002214308784409099, 2008.

King, M. S. The influence of clay-sized particles on seismic velocity for Canadian Arctic permafrost. Canadian Journal of
Earth Sciences, 21, 19-24, doi.org/10.1139/e84-003, 1984.

King, M. S., Zimmerman, R. W., & Corwin, R. F. Seismic and electrical properties of unconsolidated Permafrost*. Geophysical
Prospecting, 36, 349-364, doi.org/10.1111/j.1365-2478.1988.tb02168.x, 1988.

Kinnard, C., Zdanowicz, C.M., Fisher, D.A. and Wake, C.P. Calibration of an ice-core glaciochemical (sea-salt) record with
sea-ice variability in the Canadian Arctic. Annals of Glaciology, 44, 383-390, doi.org/10.3189/172756406781811349, 2006.

MacGregor, J.A., Chu, W., Colgan, W.T., Fahnestock, M.A., Felikson, D., Karlsson, N.B., Nowicki, S.M. and Studinger, M.
GBaTSv2: a revised synthesis of the likely basal thermal state of the Greenland Ice Sheet. The Cryosphere, 16, 3033-3049,
doi.org/10.5194/tc-16-3033-2022, 2022.

MacGregor, J.A., Li, J., Paden, J.D., Catania, G.A., Clow, G.D., Fahnestock, M.A., Gogineni, S.P., Grimm, R.E., Morlighem,
M., Nandi, S. and Seroussi, H. Radar attenuation and temperature within the Greenland Ice Sheet. Journal of Geophysical
Research: Earth Surface, 120, 983-1008, doi.org/10.1002/2014jf003418, 2015.

MacGregor, J.A., Winebrenner, D.P., Conway, H., Matsuoka, K., Mayewski, P.A. and Clow, G.D. Modeling englacial radar
attenuation at Siple Dome, West Antarctica, using ice chemistry and temperature data. Journal of Geophysical Research: Earth
Surface, 112(F3), doi.org/10.1029/2006jf000717, 2007.

38



640

645

650

655

660

665

Maguire, R., Schmerr, N., Pettit, E., Riverman, K., Gardner, C., DellaGiustina, D.N., Avenson, B., Wagner, N., Marusiak,
A.G., Habib, N. and Broadbeck, J.I. Geophysical constraints on the properties of a subglacial lake in northwest Greenland.
The Cryosphere, 15, 3279-3291, doi.org/10.5194/tc-15-3279-2021, 2021.

Margrave, G., & Lamoureux, M. Numerical Methods of Exploration Seismology: With Algorithms in MATLAB®.
Cambridge: Cambridge University Press. doi.org/10.1017/9781316756041, 2019.

Matsuoka, K. Pitfalls in radar diagnosis of ice-sheet bed conditions: Lessons from englacial attenuation models. Geophysical

Research Letters, 38, 2011.

Mikucki, J., Auken, E., Tulaczyk, S. et al. Deep groundwater and potential subsurface habitats beneath an Antarctic dry valley.
Nature Communications 6, 6831, doi.org/10.1038/ncomms7831, 2015.

Pandit, B. I., & King, M. S. A study of the effects of pore-water salinity on some physical properties of sedimentary rocks at
permafrost temperatures. Canadian Journal of Earth Sciences, 16(8), 1566-1580, doi.org/10.1139/e79-143, 1979.

Paterson, W S B. Vertical Strain-Rate Measurements in an Arctic Ice Cap and Deductions from Them. Journal of Glaciology
17, 3-12, doi.org/10.3189/s0022143000030665, 1976.

Peters, L.E., Anandakrishnan, S., Holland, C.W., Horgan, H.J., Blankenship, D.D. and Voigt, D.E. Seismic detection of a
subglacial lake near the South Pole, Antarctica. Geophysical Research Letters, 35, doi.org/10.1029/2008g1035704, 2008.

Prasad, M., and Dvorkin, J. Velocity and attenuation of compressional waves in brines. In SEG International Exposition and
Annual Meeting, SEG-2004, doi.org/10.1190/1.1845150, 2004.

Priscu, J.C., Kalin, J., Winans, J., Campbell, T., Siegfried, M.R., Skidmore, M., Dore, J.E., Leventer, A., Harwood, D.M.,
Duling, D. and Zook, R. Scientific access into Mercer Subglacial Lake: Scientific objectives, drilling operations and initial
observations. Annals of glaciology, 62, 340-352, doi.org/10.1017/a0g.2021.10, 2021.

Reeh, N., and W. S B Paterson. Application of a Flow Model to the Ice-Divide Region of Devon Island Ice Cap, Canada.
Journal of Glaciology 34, 55-63, doi.org/10.1017/s0022143000009060, 1988.

Rodi, W., R. L. Mackie, Nonlinear conjugate gradients algorithm for 2-D magnetotelluric inversion, Geophysics, 66, 174-187,
doi.org/10.1190/1.1444893, 2001.

Rutishauser A. Airborne radar-sounding investigations of the firn layer and subglacial environment of Devon Ice Cap,
Nunavut, Canada. PhD Thesis. University of Alberta, Edmonton. doi.org/10.7939/r3-pxen-kq19, 2019.

39



670

675

680

685

Rutishauser, A., Blankenship, D.D., Young, D.A., Wolfenbarger, N.S., Beem, L.H., Skidmore, M.L., Dubnick, A. and
Criscitiello, A.S. Radar sounding survey over DIC indicates the potential for a diverse hypersaline subglacial hydrological
environment. The Cryosphere, 16, 379-395, doi.org/10.5194/tc-16-379-2022, 2022.

Rutishauser, A., Donald D. Blankenship, Martin Sharp, Mark L. Skidmore, Jamin S. Greenbaum, Cyril Grima, Dustin M.
Schroeder, Julian A. Dowdeswell, and Duncan A. Young. Discovery of a hypersaline subglacial lake complex beneath DIC,
Canadian Avrctic. Science advances, 4, doi.org/10.1126/sciadv.aar4353, 2018.

Schroeder, D.M., Grima, C. and Blankenship, D.D. Evidence for variable grounding-zone and shear-margin basal conditions
across Thwaites Glacier, West Antarctica Thwaites grounding zone and shear margin. Geophysics, 81, WA35-WA43,
doi.org/10.1190/ge02015-0122.1, 2016.

Schroeder, D.M., Seroussi, H., Chu, W. and Young, D.A. Adaptively constraining radar attenuation and temperature across
the Thwaites Glacier catchment using bed echoes. Journal of Glaciology, 62,1075-1082, doi.org/10.1017/jog.2016.100, 2016.

Smith, A. M., Woodward, J., Ross, N., Bentley, M. J., Hodgson, D. A., Siegert, M. J., & King, E. C. Evidence for the long-
term sedimentary environment in an Antarctic subglacial lake. Earth and Planetary Science Letters, 504, 139-151,
doi.org/10.1016/j.epsl.2018.10.011, 2018.

Tulaczyk, S.M. and Foley, N.T. The role of electrical conductivity in radar wave reflection from glacier beds. The Cryosphere,
14, 4495-4506, doi.org/10.5194/tc-14-4495-2020, 2020.

Van Wychen, W., Burgess, D.O., Gray, L., Copland, L., Sharp, M., Dowdeswell, J.A. and Benham, T.J. Glacier velocities and
dynamic ice discharge from the Queen Elizabeth Islands, Nunavut, Canada. Geophysical Research Letters, 41, 484-490,
doi.org/10.1002/2013GL 058558, 2014.

Van Wychen, W., Davis, J., Copland, L., Burgess, D.O., Gray, L., Sharp, M., Dowdeswell, J.A. and Benham, T.J-{2617}.
Variability in ice motion and dynamic discharge from Devon Ice Cap, Nunavut, Canada. Journal of Glaciology, 63, 436-449,
doi.org/10.1017/jog.2017.2, 2017.

Weidelt, P. Response characteristics of coincident loop transient electromagnetic systems. Geophysics, 47(9), pp.1325-1330,
10.1190/1.1441393, 1982.

40



