
We would like to thank both reviewers for their very helpful and constructive comments. We have
responded to each comment in turn below, and describe changes we have made to the manuscript to
address the issues raised.

Reviewer 1

1. Abstract p1. L.2 We can do this by... Is �this" referring to understanding the mechanical
properties of �owing ice, modelling of the dynamics of ice sheets, or predicting the
behaviour in the future? Please rephrase to enhance clarity.

We have changed �We can do this..." to �We can increase our understanding of ice physical proper-
ties...".

2. Abstract p.1 l.4 conditions in ice sheets and ice shelves extend to low temperatures (<-
5 ◦C). The temperatures in the majority of ice sheets and ice shelves is well below -5 ◦C, a
lower temperature value might be more appropriate. See more detailed comment below.

This is a good point. We have changed �<-5 ◦C" to ��-10 ◦C"

3. Aims of the study are explained on p.2 l.32 and on p.5 l.43. They di�er in details (e.g.,
tertiary creep only mentioned on p.2. l.32), thus it might be appropriate to combine
both sections into one, placed at the end of the introduction to increase readability.

We removed the last sentence of section 1.1, and combined with the �nal sentence of the introduction
as suggested.

4. P.2 l.45 Primary creep: The de�nition is a little bit too simpli�ed, maybe include some
information from e.g., Faria et al. (2014b)...

We inserted more detail from (Faria, et al., 2014) as suggested: �strain rate decreases rapidly due to
work hardening, as strain incompatibilities between grains and the load transfer from easy-glide to
hard-glide systems result in heterogeneous internal stresses and the formation of dislocation tangles
and subgrain boundaries (Faria et al., 2014). The decreasing rate of deformation is controlled by
crystals which are unfavourably oriented for creep (Duval et al., 1983)."

5. P4. L10: The impact of GBM is strong on texture (grain size, grain shape, SPO) and on
grain growth and reduction (dynamic grain growth, see Steinbach et al., 2017), but not
so much on CPO (fabric)(e.g., Llorens et al., 2016a, b). Terminology is not always used
in the same way in earth and material sciences, so please de�ne �microstructure" in the
beginning. Otherwise it is di�cult to distinguish between microstructure (glaciology:
fabric + texture), fabric and texture (see also comment 8).

Good point. We are using the word �microstructure" in the glaciological sense, incorporating fabric
and texture. We have added this de�nition in the text (now pg.2, L4-5).

6. P. 5 l. 25: references for examples of other experiments, in-situ data, extrapolations
missing.

To incorporate referenced examples, we have changed this passage to read:

�Consequently, the majority of experimental ice deformation studies are performed at temperatures
of >−10 ◦C, at a narrow range of stresses (e.g. Kamb, 1972; Jacka, 1984; Wilson et al., 2014;
Montagnat et al., 2015), with a much smaller number of studies extending to lower temperatures and
higher stresses (e.g. Goldsby and Kohlstedt, 2001; Wilson and Peternell, 2012; Qi et al., 2017). This
means there is a bias in the available data favouring a small range of conditions which are seldom
present in nature."
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7. P. 5 l. 43 it should be clari�ed that the systematic study is undertaken on laboratory
ice.

Changed to specify �laboratory ice".

8. It is mentioned on p. 9 l. 101 that SPO data was derived, but this data is not further
used in the manuscript. Showing and discussing SPO data would be a good way to
further quantify the microstructural changes, i.e. changes in the ice texture. In this
case it is possible to visually analyse the microstructure of the thin section images,
however, I would suggest to add SPO data to fully ful�l the statement of �quanti�able
di�erences in the microstructure" as described in the abstract on p.1 l. 14. Otherwise,
if only CPO-data is used to quantify changes I suggest to rephrase the wording to e.g.,
�quanti�able di�erences in the fabric" to avoid confusion.

Initially we had left the SPO data out as it does not show anything immediately relevant to the
discussion, but you are right that it is good to include for completeness. We have added it as an
appendix alongside grain size statistics, as suggested by reviewer 2, and mentioned it in the results
section.

9. For practical reasons the temperatures of the conducted experiments are rather high
compared to temperatures in deep ice sheets (-30 ◦C- -20 ◦C) (e.g., Dahl-Jensen et al.,
1998, Mony et al. (2020) and, to a lesser degree, in ice shelves (-25 - -10 ◦Cfor me-
teoric ice) (e.g., Rist et al., 2002). Temperatures of >-10 ◦Care rather found in shal-
low, or the deepest parts of deep ice sheets, close to bedrock. There are studies
on warm ice from glaciers (e.g., Hellmann TCD https://tc.copernicus.org/preprints/

tc-2020-133/) so this shouldn't be mixed up. This is especially important since sam-
ples from set 2 did not match the desired outcome, thus there are still limits to the
usability of this method. On p. 14 l.16 you state that the microstructure is �failing
to match those conducted entirely at -10 ◦C". In the conclusion on p. 14 l. 40 this is
slightly emphasized by stating that the microstructure is �not [..] truly representative",
please clarify this. Deformation mechanism maps might help to bring together di�erent
regimes (glaciers, ice sheets, ice shelves) e.g., RX diagram in Faria et al. (2014b), Frost
and Ashby (http://engineering.dartmouth.edu/defmech/) and Shoji and Higashi (1978,
https://doi.org/10.3189/S002214300003358X). This might go beyond the scope of the
manuscript, but should be kept in mind.

You're right that it's important to make this disctinction more clearly, and remind the reader that at
even lower temperatures the balance of deformation mechanisms will be di�erent. We have added a
sentence at the end of section 4: �The temperatures we have tested here are comparable to those found
in temperate glaciers, and in the lower and upper extremities of polar ice sheets. For experiments
aiming to replicate colder conditions, it would be best to use a lower starting temperature, so that
the balance of deformation mechanisms active at the beginning of the experiment is more comparable
to that at the �nal target temperature.".

10. Tests were conducted on laboratory ice only. Natural ice has di�erent, and highly
variable, properties regarding e.g., absolute impurity content and spatial distribution of
inclusions (cloudy bands) etc., which are reported to a�ect the rheological parameters,
and thus the deformation, of ice. It should be emphasized in the discussion and the
conclusions that the discussed results are not as simply transferable to natural ice as
currently concluded (p.15 l.45). The study is an important step forward, but more
research is needed to verify the easy upscaling to ice sheets and ice shelves.

We have added a sentence in the discussion: �It should also be noted that natural ice has di�erent
rheological properties to standard ice, (Budd and Jacka, 1989; Dahl-Jensen et al., 1997; Castelnau
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et al., 1998; Craw et al., 2018), and so the balance of deformation mechanisms active in experiments
may be di�erent to those active under the same conditions in nature."

We have also changed the concluding remarks to separate the speci�c contribution of this study
(extending the temperature conditions that are feasible for laboratory experiments by reducing ex-
periment time) and the hopeful outcome of this (allowing experiments to become more representative
of in situ conditions, therefore leading to more accurate �ow law parameters).

11. 2.1 Laboratory: After cutting and polishing the samples, were they left for sublimation?
Please address this issue brie�y in the text since this can have an impact on the texture
(grain shape and size) and on the quality of the FA measurements.

Samples were cut into thin sections with a microtome, and then repeatedly thinned and checked under
cross-polarised light until birefringence was minimal. Occasionally where the fabric analyser data was
of lower quality, then section was left for ∼1hr to sublimate and then the scan was repeated. We have
clari�ed this in the methods.

12. P. 12 Fig 5: LC023 has visibly, and measurably, much smaller grains than LC021, LC025,
and LC026 and a rather homologous bulk grain size. This should be brie�y mentioned
in the �nal section of the results indicating the small-scale di�erences in polycrystalline
ice.

Yes, this is a good example of the possible variability between experiments conducted under the same
conditions. See our more in-depth response to Reviewer 2, comment #4, below.

13. I suggest to combine the �rst sentences on p. 13 l. 47 or to add some references in the
�rst sentence.

We have changed this to: �The microstructural characteristics observed in these samples after deforma-
tion are comparable to those from other compression experiments in the literature; the development
of a vertical small-circle girdle CPO centred around the compression direction has been observed
many times in polycrystalline ice above −15 ◦C (e.g. Kamb, 1972; Jacka, 1984; Treverrow et al.,2012;
Wilson et al., 2014), and the interlocking, irregular grain boundaries seen in all deformed samples in
this study are comparable to those observed by Montagnat et al. (2015) and Jacka and Jun (1994)
after similar experiments."

14. References needed in �nal discussion paragraph on p. 14 l. 17 discussing GBM, BLG,
and other lower-temperature experiments.

Added references to Alley, 1992; Montagnat et al., 2015; Qi et al., 2017.

15. Fig. 4 and Fig. 5: What is the reason for showing the c-axis orientation of 5000 pixels
rather than using the c-axes of the actual grains as described for deriving the CPO
in section 2.3? The number of grains is lower than 5000 and CPO contour plots thus
probably look di�erent when referring to the grains.

Well spotted, the statement in section 2.3 is incorrect.. We ultimately chose to use randomised pixel
data for the CPO because, while we do remove all very �ne and low geometric quality grains, smaller
grains have a higher chance of being artefacts of the data processing. Plotting one point per grain
would amplify the contribution of smaller grains to the CPO data. In fact the di�erence is very
minimal, and so for our purposes it is a fairly arbitrary choice (see �gure 1 below).

We have corrected this in section 2.3.

16. Appendix p. 15 l.5f. What is the reason to remove elongated small grains? Is it
motivated by the possibility of arti�cially introduced grains due to segmentation/grain
reconstruction? Were images manually checked for such grains? Please explain.
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Figure 1: Lower hemisphere stereonet plots of c-axis orientations in sample LC001. Above, one orientation
value per grain. Below, values from 5000 randomly selected pixels.

Thank you for pointing this out. The elongated small grains are a common artefact in two-dimensional
ice deformation experiments, which we were working on while we developed the process, and they are
not present here. We have removed that step, and the results are unchanged.

17. Do you have ideas what could have caused the two troughs in strain rate observed at
LC025 at -10 ◦C? (Fig.3d)

All of the raw strain rate data have these periodic jumps, which appear when we increase the loads to
approximate constant stress (see section 2.1). For the most part they are obvious as an instantaneous
increase in displacement, and are straightforward to remove during data processing to avoid large
artefacts in the results. However, they are often accompanied by more complicated disturbances
to the apparatus (adjusting other equipment, opening and closing neighbouring freezers, etc). This
means that some of these jumps are harder to remove without "doctoring" the data, and so we err
on the side of caution when trying to correct them. Another clear example is in LC009 at a strain
of ∼ 0.07. We have clari�ed this slightly in section 2.2: �Sudden jumps in displacement from load
increases and disturbances to the apparatus were removed manually. Some more gradual jumps in
displacement (e.g. in LC021 and LC025) could not be easily removed, and so were left to avoid
overprocessing the data."

• Technical corrections

All corrected, thank you.
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Reviewer 2

1. In the Mechanical results section (Section 3.1), the authors state that the tertiary
strain rates achieved in the constant-temperature and changing-temperature experi-
ments within each Set are �within the level of variation between the duplicate experi-
ments". From Figure 3 and Table 1, it appears that very similar tertiary strain rates
were achieved in all of the -2C and -7C scenarios, but in the -10C scenario it appears that
the changing-temperature experiment achieved a lower tertiary strain rate compared to
the constant-temperature experiment. However, the authors state in the Discussion
that the �Tertiary strain rates at both -7C and -10C from the changing-temperature
experiments agree with those from their equivalent constant-temperature experiments
to within the same level of variability..." Please give further justi�cation for this result
description and subsequent discussion of the -10C scenario.

This is a good point which needed clarifying in the text. You are right that the changing-temperature
experiments at -10 ◦C have a lower tertiary strain rate, and we believe this is due to a limitation with
the experiments rather than a real e�ect. The experiments which ran to strains greater than ∼ 0.08
show a steady drop-o� in strain rate after that point, which we believe is because our assumption
that cross-sectional area is increasing consistently down the length of the sample becomes less valid
(see our response to 2, below). Because the constant-temperature −10 ◦C experiments (LC021 and
LC023) took such a long time, we were only able to run them to the very beginning of tertiary creep,
while the other experiments could run to higher strains. As a result, they never experienced the drop-
o� in strain rates, while their changing-temperature counterpart experiments reached higher strains
and so did begin to decrease in strain rate. As we describe in section 2.2, representative tertiary
strain rate values for the experiments were taken from earlier in the experiment, at the beginning of
tertiary creep, where the data are more robust. In �gure 2 below, we have projected the curves for
LC021 and LC023 forward with the same curvature as would be expected based on results from the
other experiments. As highlighted by the shaded rectangles, the di�erence in �nal tertiary strain rates
between the changing-temperature and constant-temperature experiments at both -7 ◦C and -10 ◦C
is very similar. In both cases in fact strain rates are lower in the changing-temperature experiments,
but this di�erence is small and does not exceed the level of variability expected in these kinds of
experiments (±20%), so we are not able to attribute it to any real mechanism.

We have clari�ed this in the results section of the manuscript (now pg. 9, L26-29).

2. How were the times and amount of added weight chosen to �periodically increase the
loads"?

We aim to approximate a constant compressive stress, using weights loaded on top of the rigs. As
the samples are compressed, they increase in cross-sectional area, and so we add an amount of weight
which will increase the stress back to the target stress, assuming that volume is conserved and that
the sample is expanding horizontally at the same rate everywhere (this assumption becomes less valid
as strain increases, as the middle of the sample is in fact expanding at a higher rate than the top
and bottom). Loads were increased every 2-5 days depending on the strain rate (higher strain rates
mean it is a shorter time before the increase in cross-sectional area is signi�cant). This is frequently
enough to minimise drops in stress due to sample expansion, but infrequently enough to minimise
disturbances to the experiments. We have clari�ed this slightly in the methods (now pg. 7, L14).

3. Why were the samples kept in the rig setup after the experiments ended? Perhaps to
not disturb the other experiments going on. Can you give some clari�cation on why
lowering the temperatures to -18C and leaving the samples for days does not impact any
�nal microstructure measurements.

Extracting the samples from the rigs involves multiple people, as the rigs must be lifted fully out
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Figure 2: Smoothed octahedral shear strain rate data plotted against total accumulated octahedral shear
strain for all experiments. (a), (c): constant-temperature experiments, (b), (d): changing-temperature
experiments. Orange dotted lines are projections of LC021 and LC021 data based on the trajectory of the
other datasets. Transparent rectangles highlight tertiary strain values for comparison.
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of the freezers and brought quickly into a cold room for the sample to be detached and cut. It was
easiest to wait for more than one experiment to �nish and extract those samples at the same time, so
some were left after the experiment was over until it was convenient to remove them. They were left
with the weights still on to avoid any relaxation a�ecting the microstructure, only the temperature
was changed. Essentially this temperature drop simply slowed the experiment down to the point that
any further increase in strain was insigni�cant.

To give a rough idea, if we interpolate between the strain rate data for di�erent applied shear stresses
at -15 ◦C and -20 ◦C in Budd and Jacka (1989), with a shear stress of 0.25MPa at -18 ◦C we would
expect to see a strain rate on the order of 2.5e-09s−1. Over a full seven days (the maximum time we
would leave an experiment before extraction), that would result in ∼ 0.0015 of additional accumulated
strain, which is insigni�cant compared with the ∼ 0.1 already accumulated. We have added a brief
explanation into the methods section (now pg. 8, L3-4).

4. Why do the authors think that the resulting grain size (gs_med) is so di�erent for the
two -7C samples (LC004 and LC005), and the two -10C samples (LC021 and LC023)?
Similarly, why did the two temperature-change experiment samples in Set 1 (LC006 and
LC007) have such a large discrepancy in the resulting grain size? In the Discussion,
the authors describe these sets of samples as having indistinguishable microstructure.
Therefore, what range of grain size (gs_med) values is considered �indistinguishable",
or similar enough? This information will be helpful to the reader while interpreting
Figures 4 and 5, and Table 1.

This important point was also raised by Reviewer 1, comment #12. You are right that there is a
signi�cant di�erence in grain sizes between samples deformed under the same conditions. This is
most likely a sampling e�ect, as our thin sections are small in area and the width of the samples
prohibits the taking of multiple sections, so the grain size indicated by one one-dimensional section is
not necessarily representative of the entire sample. Whilst the grain sizes seen in the −10 ◦C samples
do appear to be tending smaller than the higher temperature samples, the ranges of grain sizes seen
in each temperature set overlap with one another, and so it is not possible to actually distinguish the
sample groups based on grain size data from such a small number of experiments. This is what we
mean by �...it is not possible to distinguish between changing-temperature and constant-temperature
experiments in Set 1 on the basis of microstructure".

We have clari�ed this at the end of the results section: �Because thin section measurements of grain
size sample only a small number of grains, and there is a large range of grain sizes measured in
samples deformed under the same conditions, we are unable to draw any conclusions based on grain
size di�erences between sets."

5. Section 1.2, Line 56: unclear what �...this can be delayed signi�cantly beyond the estab-
lishment of a quasi-constant strain rate" means. Perhaps consider making this a separate
sentence, such as �However, the formation of this steady-state microstructure can occur
signi�cantly after the establishment of a quasi-constant strain rate."

Good suggestion. We have changed this to: �However, the formation of this steady-state microstruc-
ture can occur much later, after the establishment of a quasi-constant strain rate. While tertiary
creep..."

6. Section 1.4, Lines 29-33: awkward, long sentence. Consider rewording, especially the
transition �...through to tertiary strain, if it is deformed..."

This unwieldy sentence has been replaced with two:

�Studies in both natural ice (Russell-Head and Budd, 1979; Gao and Jacka, 1987) and laboratory ice
(Treverrow et al., 2012) have deformed samples through to tertiary strain, and then deformed them
again at a later stage under the same conditions. In these cases, the second deformation phase of
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the experiments progresses straight from the initial elastic deformation stage to resume deformation
at the same constant tertiary strain rate, with no signi�cant change in CPO, allowing tertiary creep
to be reached within strains of 2− 3%. However, if the stress con�guration is changed in the second
stage of the experiment, characteristics of the original CPO can persist to higher strains (Budd and
Jacka, 1989)"

7. Section 1.4, Lines 44-45: change the sentence to use either the prepositions �with" or
�to" after �compare" (...to compare X with/to Y...)

Changed to �to" as suggested.

8. Section 2.1, Line 56: change �...frozen into..." to �frozen onto"; also, do you mean alu-
minum plates instead of �platens"?

�Platen' is a word for a mounting plate for materials being pressed or deformed, more commonly used
in engineering and manufacturing. It's not in common usage, so we've replaced it with �mount" to
avoid confusion. The platen/mount contains a large depression which the ice is actually frozen into.
We have clari�ed this.

9. Section 3.2, Lines 34-35: It would be nice to see this result visually, instead of taking
the authors' word for it.

We have added these data in Appendix B.

10. Appendix A, Line 51: Do the authors mean �G50" here instead of �G60"?

Our meaning was that FAME can be used with G60 data, but the method described here can be used
with G50 data. This was poorly worded, so we've removed it.

11. Figure 1 caption: move �(a)" and �(b)" labels to before the panel descriptions.

Changed as suggested.

12. Figure A1 caption: period at the end of the caption needed.

Changed as suggested.
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