Dear Editor,

After carefully considering the comments that we received on our manuscript “Geophysical
constraints on the properties of a subglacial lake in northwest Greenland” we have modified the
manuscript for resubmission. Below, we list each comment (in blue) and give our response (in
black).
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This manuscript presents a targeted geophysical study of a Greenland subglacial lake which
combines seismic and GPR data to constrain the physical properties of a subglacial lake. The
seismic portion of the analysis is largely persuasive and provides a depth measurement for a
lake that had previously been detected by airborne radar sounding. However, the GPR portion
of the analysis is underdeveloped. Specifically: - The reflectivity of the subglacial lake in the
GPR data was not presented or analyzed at a sufficient level of depth. This should be compared
and combined with the seismic data to provide a more complete and quantitative picture. - The
GPR reflectivity signal is also not sufficiently compared to the airborne radar sounding data in
the Palmer paper that motivated the study or to more recent radar studies of Greenland
subglacial hydrology and thermal state like: Chu, W., et al. "Complex basal thermal transition
near the onset of Petermann Glacier, Greenland." Journal of Geophysical Research: Earth
Surface 123.5 (2018) or Jordan, T., et al. "A constraint upon the basal water distribution and
thermal state of the Greenland Ice Sheet from radar bed echoes." Cryosphere (2018). - One of
the most exciting opportunities from combining seismic and GPR data over lakes is the ability to
use the sensitivity of radar attenuation to water conductivity, which the authors mention in the
context of EM surveys, to constrain lake salinity/conductivity. The paper would be stronger if this
was included.

We agree that the GPR analysis needed improvement. We have added more details to Section
2.1 to clarify the data collection and processing methods. Additionally, we have updated the
radar image in Figure 3 which now shows a sharper picture of the ice bottom reflection. Finally,
we included some analysis of the ice bottom reflectivity (see last paragraph in Section 3). We
find that the reflectivity above the lake is approximately 10 dB stronger than the surrounding
region, which is broadly consistent with the results of Palmer et al (2013), who found a variation
of between 10 - 20 dB. However, we disagree that a detailed discussion of the differences with
Palmer et al. (2013) would be useful. Comparing radar reflectivities obtained from multiple
surveys conducted at different times (and here different collection methods) is challenging and
only rarely done (e.g., Schroeder, D., Hilger, A., Paden, J., Young, D., & Corr, H. (2018). Ocean
access beneath the southwest tributary of Pine Island Glacier, West Antarctica. Annals of
Glaciology, 59(76pt1), 10-15. doi:10.1017/a0g.2017.45).

Using the radar reflections to constrain salinity would be an exciting possibility. However, in our
GPR results, there are no clear returns from signals that have traversed the lake (i.e., lake
bottom reflections). This is likely because the water layer is too highly attenuating. The highest



likelihood of detecting lake bottom reflections may be near the edge of the lake where the water
layer is thin, yet we can not confidently interpret any signals beyond the primary ice bottom
reflection near the lake boundary. We have added some discussion about this to the
manuscript.
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1. General comments:

This paper reports seismic and ground-based radar measurements on a subglacial lake in
northwestern Greenland. The target of the study is the subglacial lake firstly discovered in
Greenland in 2013 based on airborne radar measurements. Some other radar surveys were
performed at other lakes beneath the Greenland ice sheet, but this is the first ground-based lake
observation in Greenland. The seismic signals enabled the authors to quantify the water depth
of the lake, as well as to estimate the material underneath the lake. One dimensional thermal
analysis suggested that the lake is filled with hypersaline water under a condition of well below
water freezing temperature. In contrast to increasing number of studies on subglacial lakes in
Antarctica, much less is reported and known about those in Greenland. The seismic data
presented in this paper are valuable, because they provide information below ice-water surface,
namely water depth and lake-bed constitution. Similar studies have been performed at some
lakes in Antarctica, but this is the first case in Greenland. Numerical analysis of ice temperature
is simple, but enough to provide insights into lake water composition and origin of the lake
formation. Because of these reasons, | think the reported data are valuable and of great
interests of the journal readers. The paper is clearly written. However, it is too concise in some
parts and essential information is missing. In general, my impression is that details of method,
data and analysis are not sufficiently presented as expected in a paper published in this journal.
| am also concerned about the structure of the sections. | list below my concerns, which are
followed by more specific comments and corrections. | hope they are considered to improve the
paper.

2. Major concerns

(1) Presentation of methodology Some essential information is missing about the
measurements and analysis used in this study. For example, radar device is described
only by "a 10 MHz monopulse radar system". Information of the manufacturer, type

of antenna, receiver-transmitter distance, the way of data acquisition and dragging the
device (sledge?) should be described. Another example is ice temperature analysis.
Only available information for this computation is "1D steady state advection-diffusion
heat transfer model solved using the control volume method". How do you compute
vertical strain rate? What is spatial resolution? Any influence of neglected firn layer
and horizontal advection? Please describe all these details in the Method section.

We appreciate the suggestion, and have added more detailed description of the GPR data
acquisition and processing to the Methods section, and have added a new section to the



Supporting Information that provides a detailed description of the thermal modeling, along with
its assumptions (see the new Section 3 in the Supporting Information)

(2) Presentation of data Results of the seismic and radar survey are presented in a

limited way (Figs 2, 3 and 5). They are given only by plotting amplitude or power in a

grey scale on a time-space domain. | wonder how the authors determine reflections at
ice-water and water-bottom reflections. Fig. 2B and Fig 3A show important boundaries,

but it gives me an impression that they were drawn only by visual inspection. Further,

the authors discuss the phase of the seismic signals to identify the material under the

ice. Nevertheless, there is no plot clearly showing such an important observation. | think more
details, particularly plots of amplitude/power against time, are necessary to convince the
readers of the interpretations and discussions.

The seismic reflections analyzed here (i.e., from either the ice or lake bottom) are clearly
distinguishable from other phases based on their moveout; reflected energy arrives at all
geophones in the line nearly simultaneously due to the near vertical incidence. In other words,
there is no ambiguity of whether or not the phases we are interpreting are subsurface
reflections. The reviewer states that it appears that the ice bottom and lake bottom reflections
appear to have been drawn based only on visual inspection, yet this is common practice and
well accepted. Additionally, we are not certain what is meant by “results of the seismic and radar
survey are presented in a limited way”, since the cross sections shown in Figures 2A and 3
show all of the relevant data collected from the seismic and GPR surveys, respectively. The
presentation style (i.e., using grey scale colormaps) is a very common way of displaying
reflection results, and to us, seems to be a matter of personal preference. However, we do
agree that the phase of the seismic reflections (particularly the opposite polarity of R1 with
respect to the seismic source), was not clearly demonstrated. Thus, we have added a new
section to the supplement that outlines the polarity analysis, and includes a new figure that more
clearly demonstrates the opposite polarity between the source and the R1 reflection (see the
new Section 2 and Figure S4 in the Supporting Information).

(3) Comparison with previous studies Seismic survey on a glacial lake is new in Greenland, but
available for lakes beneath the Antarctic ice sheet. Interpretation of the seismic signals should
be carried out based on the knowledge obtained in Antarctica. Such studies in Antarctica
include those reported in Whillans Ice Stream and Lake Ellsworth. Important previous work
exists also in Devon Ice Cap in the Canadian Antarctica. Considering the proximity of the sites
and possible similarity in water property, closer comparison of the thermal conditions,
geographical and geological settings should be performed. Please also introduce these previous
studies more in detail in the Introduction section. | would like to read what are known about
water depth, lake-bed constitution, water properties in subglacial lakes in Antarctica and other
regions.

We have included a more thorough summary of previous active source seismic surveys
conducted in Antarctica, which provides more context for the present study. However, we point
out that many of these regions have fundamentally different geological histories and properties,



and there is no strong reason to expect any similarity in subglacial water properties. Therefore,
direct comparisons are challenging.

(4) Construction of the sections The paper suffers from mixing of method, results and
discussion in the text, particularly in the Methods section. The Methods section begins
with study site, and a little of methodology of seismic and GPR measurements (2.1

Field experiment). Then, it explains a bit more about the seismic measurement and
directly goes into data and interpretation (2.2 Seismic and GPR imaging). Next subsection
explains the analysis of the reflection power, which is followed by interpretation

of the data (2.3 Basal reflectivity). This is not usual as a journal article and not convenient for
readers. Please consider reconstruction of the text. The best for readers is to

explain all the methodology in the Method section, which is followed by presentation of
data in detail but without interpretation in the Results section, and finally interpretation
and discussion in the Discussion section. | also find the last paragraph of the Introduction
section includes too much results and conclusion. | would expect this kind of

summary of the study in Abstract, which is currently rather weak.

We agree that a restructuring of the paper was warranted. In the new version the results are
clearly separated from the methods in a new section titled Results. Additionally, we have
removed the last paragraph of the introduction and moved the main points to the abstract.

3. Specific comments:

Line 15-20: This abstract can be improved by incorporating the essential results of the
measurements and conclusion described in the last paragraph of Introduction (Line 68-77).
See response above.

Line 32: "Bentley et al., 2011" » Missing in the reference list (or the publication year is wrong).

The publication year was wrong in the references and we have corrected it.

Line 36-37: "airborne radio-echo sounding" » "airborne" is not a necessary condition. Snow
vehicle or snow mobile are also used for surveying lakes.

We deleted the word “airborne”.

Line 51: "approximately 40% of ..." » This is not consistent with 124 out of 400 as described in
Line 40.

The discrepancy likely comes from different author determinations of “active” subglacial lakes.
We have removed the inconsistency, and prefer to reference Smith et al. (2009), who found

evidence of 124 active subglacial lakes in Antarctica.

Line 81: Please provide coordinates and elevation of the lake.



We have added a table with the latitudes, longitudes, and elevations of our seismic shot
locations to the Supporting Information (see Table S1).

Line 82: Can you indicate the 980 km2 drainage basin on Figure 1B?

We refer the reader to Figure 1 of Palmer et al. (2013), who provide a plot of regional bed
topography.

Line 86: "24 40 HZz" » Hyphen is missing.
Fixed.

Line 96: "longitudinal seismic reflection image" » Here and other places, the authors use
"longitudinal” and "across", which are not clear to explain settings. Here, for example, "seismic
reflection image along the survey route" is better if | understand it correctly.

We agree that “longitudinal” was unnecessary, and have removed it.

Line 107-108: "An additional reflection with opposite polarity of R1" is not clearly shown by Fig.
2B. Also not clear why you think "which is consistent with a lake bottom reflection”.

The opposite polarities of R1 (i.e., the “lake top” reflection) and the secondary reflection we
identify as “the lake bottom” reflection is more clearly demonstrated in Figure 5A, which shows a
close up view of the lake reflection sequence on a single shot gather collected above the lake
(shot gather number 12). It is expected that lake top and lake bottom reflections will have
opposite polarities because of the opposite reflection coefficients between a layer of ice over
water (negative reflection coefficient), and a layer of water over sediment (positive reflection
coefficient). This is indeed supported by our modeling results shown in Figure 5B and 5C.

Line 110: What do you mean by "across the seismic section"?

We have replaced “across the seismic section” with “as a function of distance along the
transect”.

Line 111-112: Uncertainty due to wave velocity is evaluated, but | wonder if there is additional
uncertainty due to signal peak determination. How do you define the reflection boundaries in
Figure 2B?

This is a good point. There is likely to be variation between different analysts in terms of how
they preprocess their data and how they determine phase arrivals and amplitudes, which would
introduce some uncertainty. However, this uncertainty is difficult to quantify, and is always
prevalent in any such seismic analysis. In this study, we do not believe that the travel time
uncertainty would have a large impact on our lake depth results because a difference of several



ms in travel time picks would translate to only small changes in the inferred lake depth (less
than 5 m or so). When determining the lake thickness, we prefer to pick the first breaks (of R1
and the subsequent ‘lake bottom’ reflection) in the processed seismic image.

Line 116: "across the maijority of the transect" » "across" is confusing.

Replaced “across” with “along”.

Line 117-118: "lake is slightly deeper" » Do you mean "ice is slightly thicker"?

Yes. We have added clarification.

Line 118: Please define "transect distance".

The transect distance is the distance along the profiles shown in Fig 1C. We have added labels

‘W” “X” “Y” and “Z” to the map in Fig 1C and to our cross sections, which should make this
clear.

Line 126: "A_R1 and A_R2" » The variable "A" should be in italic?

We have replaced all instances of A_R1 and A_R2 to be formatted consistently with how they
are presented in Equation 1.

Line 160: "IMBIE Team Report" » The author name is inconsistent with the reference list.
Fixed.

Line 160: Can you provide an estimate of "net storage capacity of all of Greenland’s
subglacial lakes"?

| think that the uncertainties on such an estimate would be too large to make a useful addition.
The first-order assumption that would need to be made is that all of the high reflectivity regions
identified in airborne radar surveys (e.g., Bowling et al. 2020) represent subglacial lakes with
similar depth than the one we identify in this study, which does not seem justifiable.

Line 180: How do you know the surface temperature in the region?

The surface temperature is determined from RACMO2 modeling. This has been made explicit in
the text (see lines 86 - 87 in the updated manuscript).

Line 181-182: "the basal temperature ... be well below the pressure dependent melting
point" » Why do you think so?



Our estimates of basal temperature are determined through the thermal modeling results
summarized in Figure 6.

Line 185: "1D steady state advection-diffusion heat transfer model" » Please describe
more details with equations to be solved.

We have added a new section to the Supporting Information that fully describes the thermal
modeling, including the equations that are solved and the assumptions that we make.

Line 190: "When advection is ignored" » | understand that you ignore vertical ice motion. It is
confusing because you also neglect horizontal advection of ice. Ice flow is small near the divide
and down glacier advection of cold ice does not influence the conclusion about basal
temperature below melting point, but mentioning the horizontal ice flow helps the readers.

By “when advection is ignored”, we are referring to cases in which ice does not accumulate.
When accumulation is considered (i.e., when we consider ‘advection’), the thermal profiles are
altered because the near surface isotherms are moved to deeper depths. We clarified this in the
manuscript.

Line 199: Do you have estimate of the salinity from the computed basal temperature?
Can you discuss your results with the study at Devon Ice Cap?

Based on our thermal modeling that suggests a basal temperature of between -12 C and -14 C,
we estimate that the salinity required to keep the lake liquid would need to be between 160 and
180 ppt. This is comparable to the results of Rutishauser, who suggested a salinity of 140 - 160
ppt for the Devon Ice Cap region. We have added this discussion to the manuscript.

Line 199-200: "ice surrounding the lake would be frozen" » Do you think the hypersaline
condition is limited with in the lake area? Such condition may extend to the surrounding
area and cause basal melting outside of the lake.

This is a good point and we agree that the hypersaline condition may not be limited to the lake.
Discussion has been added to Section 3.1 of the manuscript.

Line 210-219: | agree that continuous supply of surface meltwater to the bed is not likely
because meltwater production is limited in this elevation range. Near the study site, a
Japanese research group has been running an automatic weather station (e.g. Aoki et

la., 2014), performed in-situ snow observations and ice core studies (e.g. Niwano et

al., 2015; Kurosaki et al., 2020). | suggest the author to discuss water availability in the
region based on the climatic conditions and the previous studies.

- Aoki, T. et al. (2014). Field activities of the “Snow Impurity and Glacial Microbe effects on
abrupt warming in the Arctic” (SIGMA) Project in Greenland in 2011-2013.

Bulletin of Glaciological Research. 32. 3-20. 10.5331/bgr.32.3. - Niwano, M. et al.

(2015). Numerical simulation of extreme snowmelt observed at the SIGMA-A site,



northwest Greenland, during summer 2012. The Cryosphere. 9. 2015. 10.5194/tc9-971-2015. -
Kurosaki, Y. et al. (2020). Reconstruction of Sea Ice Concentration in

Northern Baffin Bay Using Deuterium Excess in a Coastal Ice Core From the Northwestern
Greenland Ice Sheet. Journal of Geophysical Research: Atmospheres. 125.
10.1029/2019JD031668.

While it is important to consider water availability, there are no obvious pathways for surface
meltwater to recharge the subglacial lake (e.g., moulins / crevasses), even if it were available.

Line 235: "cryoconcentration" » Is this a right word to explain lake formation due to
"latent heat from freezing".

We agree this was confusing and have reworded it. The lines now read:

“Sustaining a freezing rate of several m/yr to generate the latent heat necessary to maintain
warm basal ice is less likely than locally elevated geothermal anomaly. We, therefore narrow the
lake origin hypotheses to either anomalously high geothermal flux or hypersalinity due to local
ancient evaporite.”

Line 235-239: It is odd to read this conclusion within the same paragraph explaining
"Latent heat from freezing". Please consider to change the paragraph, or merge these
sentences with the next paragraph.

Done.

Line 266: "Peters et al., 2013" » Missing in the reference list (or the publication year is wrong).
Thank you for catching this. The correct citation is “Palmer et al. 2013”

Line 272: "hydropotential modeling" » "hydropotential analysis"?

Done.

Figure 1c: Please label the ends of the GPR and seismic survey profiles (e.g. "X" and
"Y") so that you can use the labels on Figures 2 and 3.

We have added labels “W” “X” “Y” “Z” to the map in figure 1c and the corresponding cross
sections.

Figure 6B: There is something wrong with the line colors. | would expect warmer
temperature for the higher geothermal heat flux. Figure S2B: The vertical axis label "Ice Sheet

Velocity" is odd. It's seismic wave velocity, right?

We thank the reviewer for catching our mistake. It has been corrected.



Figure S4: Please enlarge the study site and consider drawing contour lines. Otherwise, the
color scale map does not tell a lot about the hydraulic potential distributions around the lake.

We prefer to show a broader regional context because the hydraulic potential does not vary
perceptibly in the subglacial region since it is dominated by the surface topography of the ice.

Jacob Buffo

jacobbuffo91@gmail.com

Received and published: 25 November 2020

Hello,

First and foremost congratulations and excellent work on a paper which utilizes an array of
geophysical methods to probe the existence and properties of a subglacial hydrological feature
that has broad implications for a number of scientific fields, including glaciology, climate
science, and planetary science. | do however have a number of comments and concerns with
the current manuscript:

1) | believe in the current manuscript the geothermal heat flux labels of Figure 6b are
mislabeled and need to be switched.

Thank you for catching our mistake.

2) 1 do not feel the 1D thermal model of the ice sheet is described in enough detail so as to
reproduce or validate the presented results. There is a broad reference to Patankar (1980) but
this text focuses on general numerical methods rather than the setup for the specific ice sheet
problem discussed here. What is the advection term utilized here? Is it the deposition rate?
Accumulation rates are given in ’ice equivalent’ form, but are these deposited at the already
compacted ice density of 920 kg/m~3 or at a lower density and then compacted? | think
expanding on the description of the model would help to clarify the utility of the results.

We agree, and have included a thorough description of the thermal modeling to the Supporting
Information (see Section 3 in SI).

3) At no point are the reflectivity results gathered over the presumed lake (either GPR or
seismic) quantitatively compared to the surrounding bedrock reflectivity values. This seems like
a missed opportunity to me. The difference in expected reflectivity between bedrock and an
ice-water phase transition is discussed, and hypothetical reflection coefficients are plotted in
Figure 4, however it is not demonstrated that this is observed in the current study site. | find
results comparing such contrasts in reflectivity crucial to the validity of these types of studies -
for example Rutishauser et al (2018) "Discovery of a hypersaline subglacial lake complex
beneath Devon Ice Cap, Canadian Arctic" present relative power measurements that show
striking contrast between regions with lakes and the surrounding bedrock. | feel a comparable
approach could be taken in this manuscript to substantially bolster the evidence for the
existence of a lake. | do not feel qualitative inspection of the radargram in Figure 2 is enough
evidence to conclude that a lake is present. Why are reflection coefficients for regions not



directly over the lake excluded from Figure 4 (when this could validate the claims made in the
manuscript)? Without an explicit example of contrasting properties between the purported lake
and surrounding terrain | do not feel that the conclusion of a substantial (10-15 m thick) lake
existing beneath the ice is a valid one.

This is a good point that requires further clarification. Firstly, the seismic reflection coefficients
were excluded from the region beyond the boundary of the lake simply because it is difficult to
make clear amplitude measurements of the R2 arrival in this region, which is necessary to
compute the reflection coefficient. It can be seen in Figure 2A that reflection R2 is much more
difficult to identify, and at some transect distances (e.g., between roughly 1600 km and 1900
km) seems to almost entirely disappear. In the updated manuscript, we attempt to make
measurements of C in this region. However, given the very low signal strength of R2, it is not
clear whether or not we are simply picking noise. If the results are accurate, it suggests that
there is no clear change in the reflection coefficient across the boundary. While we choose not
to interpret the seismic reflectivity results in the region beyond the lake boundary, we include the
results in the updated Figure 4, so that the reader can decide for themselves. Additionally, we
have added some GPR reflectivity results to the manuscript. We find that the reflectivity is
approximately 10 dB larger above the lake, which is in good agreement with Palmer et al.,
(2013) who found a 10 - 20 dB anomaly associated with the lakes.

The results of Rutishauser et al. (2018) are interesting and relevant, but there is not a strong
reason to believe that the basal conditions and materials should be similar in the two field
regions. In the Devon ice cap, Rutishauser et al. propose that the hypersaline subglacial lakes
are present in bedrock troughs. Hence, a strong contrast in reflection coefficient across between
the lake and bedrock is expected. However, in our Greenland field site, there is no conclusive
evidence that the region surrounding the subglacial lake is bedrock. Indeed, if the basal material
is soft and possibly water-saturated sediment, there should not be a large difference between
the seismic reflectivity compared with a subglacial lake.

Finally, we disagree with the statement that our interpretation of the presence of a subglacial
lake is based solely on “qualitative inspection of the radargram in Figure 2”. In Figure 5, we
show the results of detailed seismic modeling which provides evidence for our interpretation, by
showing that a thin (~ 12 m ) lake satisfies the traveltime and polarities of the seismic
observations. Any interpretation should be able to explain

i) A flat reflector with a strong seismic reflection coefficient.

ii) Two strong seismic reflections with opposite polarities (i.e., the phases we interpret as
the lake top and lake bottom).

i) The presence of only one single strong reflection present in the GPR data, which
likely indicates that the radar energy is strongly attenuated below the surface of the
reflector.



In our opinion, a subglacial lake is the simplest explanation for all of these observations.
However, if our assumption of the attenuation in the ice is incorrect, it is possible that we could
be over estimating the magnitude of the reflection coefficient. In this case, it is plausible that
water saturated dilatant till could explain the reflection amplitudes. In the updated manuscript we
clarify that our results are not completely conclusive, although we favor the subglacial lake
hypothesis.



