Author’s response to Anonymous Referee #1:
We thank the reviewer for their comments. Our responses are below in red.
General comments:
Heather Kyle et al. quantified ikaite in sea ice by new method. However, this method
contains the possibility to do over estimation the ikaite within sea ice because in fact,
sea ice contains the many particles (e.g. CaCO3 contained dust, sediment, phytoplankton
etc). Also, difference of ikaite amount between methods changed dramatically
for each type of sea ice. Therefore, we cannot quantify the accurate amount of ikaite
in sea ice by using new method, and this method cannot apply for various types of sea
ice in the polar oceans. In addition, the explanation of TA:DIC ratio in melted ice water
was not clear although it is important part in this paper to indicate precipitation of ikaite
within sea ice.
We thank you for your comments. However, we disagree that the DIC method will overestimate
ikaite concentrations. Previous studies have suggested that the presence of CaCO3 in ice could
originate from calcareous components of rock flour and wind-blown dust (Killawee et al.,
1998) or incorporated by sediment impurities (Eicken, 2004). However, atmospheric transport
and transformations to the Arctic were quantified in the Danish AMAP program, and although
CaCO3 was not specifically included in this study, Ca2+ only occurred in very low concentrations
and originated partly from sea spray and soil (Heidam et al. , 2004). In addition, the coring sites
in the present study did not contain any visible impurities when melted in our bags and our
filters. Furthermore, a comprehensive study of the sediments in the Russian Arctic (Kosheleva,
2002) showed low concentrations of CaCO3 (<2.4%). Also, surface sediments of the Greenland
Sea/Nordic Seas are extremely poor in carbonates (Huber et al., 2000; Hebbeln et al., 1998;
Rysgaard and Glud, 2007). We have incorporated this into the manuscript to make this more
clear.
Finally, samples that contained large amounts of sea ice algae did not yield significantly different
results than those that did not, leading us to conclude that the presence of particulate carbon did
not significantly impact measured ikaite concentrations. Since we did not measure seawater TA
and DIC, we are not able to quantify the different factors that influence the TA:DIC ratio such as
ikaite precipitation, gas exchange, and biology. This is discussed more in the responses to your
specific comments.

Specific comments:
line 20: High presser within sea ice?
Ikaite does not form exclusively within sea ice. In sea ice, it forms only at low temperature rather
than at high pressure. We rephrased this part of the manuscript to clarify that we are focussing
only on ikaite precipitation in sea ice.
line 41: Only Arctic?
The study focussed on Arctic sea ice. Ikaite concentration may increase in Antarctic sea ice as
well, but our study cannot confirm this, so we did not change this in the manuscript.
lines 45-46: Why DIC etc decrease when dense brine sink?
DIC is removed from the sea ice along with the brine that is heavy and sink into the underlying
water column, so DIC concentrations of the sea ice and surface waters decrease (Rysgaard et al.,
2007). We added a sentence to the manuscript to make this more clear.
line 45, TA is not concentration.
We have changed this here and elsewhere in the manuscript so TA is not referred to as a
concentration.
line 66: Suddenly you used pCO2, but before you used CO2 concentration (line 46).
What differences between them?
The ‘p’ stands for partial pressure. We corrected line 46 to refer to pCO2 as well.
line 81: All particles could trapped in filter, not only ikaite but also CaCO3 contained
particles (dust, sediments, algae etc). Therefore, I strongly disagree about this method
to quantify the ikaite. If you will quantify PIC (particulate inorganic carbon), I agree.
With the exception of sea ice sections with visible sea ice algae, very few particles were
observed on the filters. In addition, sediments and wind-blown dust throughout the Arctic are
poor in calcium carbonates, as discussed in the response to the general comments above.

lines 95-96: You should indicate the chemical properties of artificial seawater used at
SERF. The amount of ikaite was clearly high as compared to other natural ice. The
DIC:TA of ice depend on the seawater properties. Therefore, also please indicate TA
and DIC values. In addition, there was no comparison between image method and
filtered method (Only used image method). Therefore, this data does not need in this
paper.
We added a reference to Hare et al. (2013) to the description of the SERF pool that includes a
description of the chemical properties of the seawater. We plan to leave the SERF data in the
paper since they support discussion sections 4.2 and 4.3, which focus on the relationship between
ikaite and other environmental parameters, the influence of ikaite in ice covered seas, and how
ikaite precipitation will change with changing sea ice conditions.
line 105: You kept samples in freezer. Therefore, we cannot believe that it is real ikaite
amount. As you mentioned in discussion (lines 307-309, 376-377), ikaite precipitates
at short time scale.
We agree. However, it is not possible to complete image analysis without storing at least some of
the samples in the freezer since it is so time consuming. The samples used for DIC analysis were
not stored in the freezer. We reworded lines 105-107 slightly to make this clear. The difference
in storage times may partly account for discrepancies between the ikaite concentrations
determined using each method, particularly when image analysis yields significantly higher
concentration variation than whole section DIC analysis. This has been incorporated into the
discussion.
lines 106-107: What kind of gas tight bags? If CO2 coming from outside, ikaite amount
would be changed as you mentioned. Therefore, you have to indicate results of gas
tight test.
The gas tight bags used were nylon/poly bags from Cabela’s and sealed using the method from
Hu et al. (2017). We added this to the methods section.
line 138-139: why did you take water sample before filtered? If this water contains
ikaite crystals, results will be changed.
Water samples were taken before filtration because we were looking at bulk sea ice conditions,
which include ikaite crystals.

line 140: how to do filtration? If filter was vacuumed, DIC will change, and it is not
recommended (Miller et al., 2015).
Filtrations were completed using a vacuum hand pump. Testing by Hu et al. (2017) determined
that using a vacuum pump to evacuate air during DIC sample preparation yielded no statistically
significant difference from samples where a vacuum was not applied. We therefore disagree that
our method will change the DIC concentration.
line 170: how statistically agree between each method? You can make 1:1 relationship
figures (e.g. image vs filtered) to help leader.
Statistical analysis was completed using a paired t-test (p-value = 0.05), which is indicated on
line 229-230. More details regarding the agreement between methods are given in discussion
section 4.1.
lines 207-208: Under-ice water DIC and TA is need to think what happened in sea ice
during sea ice formation.
We are not sure what you mean here. We are not speculating on what happened during sea ice
formation and are instead focussing on the current sea ice conditions.
lines 223-232: I can not understand this comparison. Did you compare the same piece
(section) of sea ice sample? You checked for one section by image then filtered same
water for filtered method? OR Different piece for each method?
One core was used for the DIC method. The second core from each sampling site was used for
image analysis then melted and used for duplicate samples for the DIC method. This is outlined
in the methods section (lines 130-135).
line 223-232: Did you calculate standard error for same samples? Or many ice sections
for each method although you indicated section size for image analysis from line 256?
We are not sure what you mean here. We calculated the standard error of the mean as shown in
the different figures.
lines 233-246: Again how about the possibility of CaCO3 contained particles?
See previous comment above.

lines 320-327: When you will make figure about TA vs DIC, can you see the CaCO3
formation from seawater‘s DIC and TA? Based on this figure, you can also calculate
the ikaite amount within sea ice.
We plotted TA vs. DIC but chose not to include the figure in the manuscript since we did not
record the seawater TA and DIC and we did not focus on other factors that will influence sea ice
TA and DIC. The TA:DIC ratio of seawater is typically around 1.0 and the TA:DIC ratios above
1 in the sea ice indicate that more ikaite is present here.
line 320-327: You measured TA and DIC for melted-ice water without containing ikaite
crystals (Line 138-140.“As soon as melting was complete, four 12 ml Exetainers (Labco
Limited, High Wycombe, UK) were filled with meltwater for DIC and total alkalinity
(TA) analysis”). If so, TA:DIC should low because ikaite precipitation removed TA than
DIC from melted water (if ikaite crystals remained, TA remained in crystals, meaning
that water TA was low). If you measured TA and DIC after all ikaite was dissolved, I
understand that TA: DIC increased with respect to before (e.g. seawater values) when
ikaite is precipitated.
It is assumed that ikaite crystals did not dissolve during sea ice melt. Sampling of the meltwater
for TA and DIC analysis was done before filtration, so the samples still contained ikaite. It is
assumed that since the samples warm to above 4ºC prior to analysis, ikaite will dissolve and the
TA and DIC stored within the crystals will dissolve and will be measured during analysis.
line 334-347: TA:DIC ratio changed by many processes (e.g. ikaite, biology, gas exchange).
Therefore, drawing DIC vs TA provides detailed discussion.
See comment above.
Figures 2-10: Black line at the outside of figure do not need.
We agree that these lines are unnecessary so they will be removed.
Figures 3-5, Error bar is similar length for each method. But you mentioned that standard error
for image method was higher than that for filtered method.
The error bars for the image analysis are indeed larger than those for the DIC method,
particularly in first year ice (Figs. 3 and 5). In order to show the difference in standard error more
clearly, we will represent the error bars for each technique in different colours.

Figure 4: Does this difference indicate PIC?
We don’t think so based on the arguments above. However, it is likely that in this case image
analysis is underestimating ikaite concentration since the crystals were too small to observe
using our imaging technique. This is discussed in the body of the text (lines 233-246).
Figure 8: Why sea ice temperature changed dramatically?
Figure 8 represents multi-year sea ice. Due to the large difference between air and sea ice
temperatures at Station Nord, it was difficult to obtain full temperature profiles, which we made
clear in the results section. It is not expected that multi-year sea ice will have the same
temperature profile as first-year ice, so the temperature variation in this figure is not significant.
Figures 6-9: why no points for TA:DIC profile? And no error bar?
The points and error bars were not placed in the TA:DIC profiles and have been added.
Figure 10d. why only one method? If only one method, we do not need this figure and
not important for this method paper.
The purpose of this figure is to highlight the increase in ikaite concentration associated with the
presence of sea ice algae in the bottom of the ice at Cambridge Bay (lines 348-357) so we
disagree that the figure should not be included. We only showed one method in the figure to
avoid confusion.

