Answer to Reviewer 2 of tc-2020-288

We like to thank the reviewer for this detailed review that helped us considerably to
improve the paper and clarify open issues. Below we repeat the reviewers comments in
italic font followed by our answers, and additions and changes to the manuscript
in red font.

1 Summary

This paper presents an interesting and detailed study of the connectivity properties of the
porous brine microstructure of young natural sea ice via X-ray tomography of centrifuged
samples, and the associated fluid transport properties of imaged reconstructions of the brine
phase via numerical simulation. The results on the connectivity and fluid permeability at
very low brine volume fractions and very small length scales are particularly significant,
given the improved imaging resolution over previous studies of similar sea ice properties.
This is a valuable study, a carefully written manuscript, and an important contribution to
sea ice physics. However, I think the significance of this work as described in the abstract
is somewhat misplaced, and implications for the so-called ’rule of fives’ that they draw
from their results at very low brine volume fractions and small scales are similarly off
base and should be stated more carefully. Nevertheless, with a re-focus of some of the
writing, results and conclusions, as well as careful consideration and addressing of the
substantive specific issues raised below, I would recommend publication in The Cryosphere
- again, after thoroughly revising the manuscript to take care of these concerns.

Answer:

We agree with the reviewer in most but not all aspects. We like to say first that our
contribution is not meant as a general critics of the ’rule of the fives’ and the great idea
of linking this rule of thumb to percolation-based modelling of sea ice. In particular the
first author of this manuscript also likes to point out that he has learned a lot from the
publications on sea ice permeability and the ideas on percolation proposed by K. Golden
and his colleagues (Golden et al., 1998, 2007; Petrich et al., 2006), and has been work-
ing for many years to now be able to extend and refine these concepts. First now this
is possible through larger and higher resolution 3D imagery of the sea ice pore space,
higher performance computing as well as theoretical developments that account for the
directional character of sea ice percolation. We are now highlighting this in the beginning
of the conclusions:

L551 Most previous investigations on the permeability of sea ice have been

facing challenges related to difficulties to observe this property in situ, and
to the reactive nature of sea ice during transport, storage and experiments.
The ’rule of the fives’ proposed by Golden et al. (1998) has provided, together
with ideas to model sea ice on the basis of percolation theory (Golden et al.,
1998, 2007; Petrich et al., 2006; Pringle et al., 2009), an attractive and rea-
sonable rule of thumb to understand this important sea ice property better.
However, much of these results have been based on indirect observations (like
surface flooding and desalination) and a stringent validation has been lacking
for sea ice and its different micro-structures. First now it has been possible
for us, through larger and higher resolution 3D imagery and higher perfor-



mance computing, to study the pore scale details of sea ice and perform direct
numerical simulations of its permeability.

We agree that a more careful formulation is needed for which ice properties we propose
a revised percolation threshold, and will clarify for which ice type, age and scales the
present results are valid. However, we do not agree that our proposed implications for the
so-called ’rule of fives’ that they draw from their results at very low brine volume fractions
and small scales are similarly off base. We note that the 'rule of the fives’ has once been
argued on the basis of a conjecture about percolation on small scales (compressed powder
model) and young sea ice, see figure 1 in ref. Golden et al. (1998) and their discussion.
Also a later CT-based analysis that also concluded with the 5% threshold was based on
young laboratory grown ice and small scales (Pringle et al., 2009). Our study refers to
‘'young sea ice’ as stated in the title and it is this ice type for which we think the 'rule of
fives’ needs to be revised. This conclusion is not only based on our own data analysis, but
also on a critical discussion of published data. E.g., the data from ref. Ono and Kasai
(1985) that have been used to underline the 5% porosity threshold and 'rule of the fives’,
see figure 2B in ref. Golden et al. (1998), are unlikely from a porosity regime to allow such
a conclusion (see our Fig. 11). Moreover, the results from Pringle et al. (2009) should, in
view of our two times larger spatial resolution, be viewed with caution, as they may not
have resolved many of the small pores that were permeable above our threshold.

Hence, the 'rule of the fives’ was first based on considerations on microstructure and
small scales (Golden et al., 1998) and has later been proposed for larger scales and thicker
ice (Golden et al., 2007). Our analysis is for young ice and small scales, yet we think that
the 'rule of the fives’ should also be carefully revised for other ice types and age as well,
as the evidence published so far is not too strong. E.g. the permeability data presented
by Golden et al. (2007), their Figure 1 and 4, indicate that thicker ice is permeable below
a porosity of 5%. In advance to our answers below we give the modified abstract:

Abstract. The hydraulic permeability of sea ice is an important property that influ-
ences the role of sea ice in the environment in many ways. As it is difficult to measure, so
far not many observations exist and the quality of deduced empirical relationships between
porosity and permeability is unknown. The present work presents a study of the perme-
ability of young sea ice based on the combination of brine extraction in a centrifuge,
X-ray micro-tomographic imaging and direct numerical simulations. The approach is new
for sea ice. It allows to relate the permeability and percolation properties explicitly to
characteristic properties of the sea ice pore space, in particular to pore size and con-
nectivity metrics. For the young sea ice from the present field study we obtain a brine
volume of 2 to 3% as threshold for the vertical permeability (transition to impermeable
sea ice). We are able to relate this transition to the necking of brine pores at a critical
pore throat diameter of ~ 0.07 mm, being consistent with some limited pore analysis from
earlier studies. Our optimal estimate of critical brine porosity is half the value
of 5 % proposed in earlier work and frequently adopted in sea ice model studies and
applications. From a discussion of our results with respect to earlier studies we
conclude that the present threshold is more significant, in particular through
the combination of 3D image analysis and centrifuge experiments. We also
find some evidence that the sea ice pore space should be described by directed
rather than isotropic percolation. Our revised porosity threshold is valid for
the permeability of young columnar sea ice dominated by primary pores. For



older sea ice containing wider secondary brine channels, for granular sea ice,
as well as for the full thickness bulk permeability, other thresholds may apply.

1. First, a general remark. Consider the two dimensional square bond lattice where
bonds are open with probability p and closed with probability 1-p. In general, percolation
thresholds are rigorously defined for infinite systems, with the threshold for the infinite
square lattice of exactly 1/2. For a 10x10 sample of the lattice, there will be many real-
izations of the bond configurations where there exist paths of open bonds that connect one
side to the other, even for p much less than 0.5. However, it can be proven for the infinite
lattice that for any p<0.5, there does not exist a percolating (or infinite) cluster of open
bonds, but that for p larger than or equal to 0.5 such a cluster does exist, which defines
the threshold. Obtaining percolation thresholds or other critical points or even critical
exponents from finite samples is a pervasive problem in statistical physics, and involves
consideration of the correlation length and its relation to sample size, as discussed in de-
tail for sea ice X-ray tomography in (Pringle et al., 2009). One of my concerns about
this paper is that there does not appear to be any consideration at all of the relationship
between the one sample size they look at and their conclusions. Perhaps samples with
vertical extent of 8 cm (if they could have scanned those) might typically require a brine
volume fraction of 3.5% for there to be connections from top to bottom which include the
macro-scale features that have been resolved with their instrument and analysis. Figure 3
in [Pringle et al., 2009/ shows a transition around brine volume fraction of about 5% in
the behaviour of the fractional connectivity (fraction of brine voxels on one face connected
to the opposite face, regardless of path characteristics) for sea ice single crystals, and its
dependence on sample size, and a corresponding divergence of the correlation length as
Sfrom below. Do you have data below 2.4% that shows a similar transition or correlation
length divergence as you approach the threshold from below, which would.

Answer:
Our conclusions are based on two samples sizes - the centrifuge experiments are done
with core sub-samples of 7.25 cm diameter and 3.5-4 c¢m thickness. This sample size is
more or less a standard in sea ice property analysis. Based on these samples we obtain a
critical exponent 3 between connected/centrifuged and total porosity that is very close to
the theoretical prediction by directional percolation theory, and a percolation threshold.
We then show that the results from CT-imaged sample sizes (2 cm horizontal and 0.55
cm vertical) are more scattered but fully consistent. With regard to larger sample sizes
it can be first noted that the permeability results from Freitag (1999) were obtained for
samples sizes of 6 cm vertical dimension and 9 cm diameter. These agree with our results,
however they do not extend to low porosities. We have now added one more figure
(Fig. 13) to discuss possible sample scale effects based on our results. Comparing the
permeability and its threshold behaviour for 0.55 cm with harmonic means for the 2-3 cm
vertical sample length does not show a significant difference. For larger vertical extents
the proportion of inclined channels that leave the sample laterally will affect the results.

We pointed out we suspected that, considering the 0.07 mm threshold we found, the
results from Pringle et al. (2009) may have been limited by their CT image resolution
(with a Nyquist criterion of 0.083mm). We agree that, with regard to the correlation
length problem, data below the 2.4% threshold could be useful, which we do not have.
We also agree that smaller scales could be worth investigating with higher resolution,
especially as our spatial resolution (Nyquist criterion 0.036 mm) was just a factor of two
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smaller than the 0.07 mm threshold. However, as outlined in the discussion, the necking
transition near 0.07 mm is consistent with what others have observed, which indicates
that it indeed could be the critical length scale for the permeability of young ice.

For easier reading we divide it into several sub-comments with answers.

2a. For binary lattice percolation models, such as the 2D square lattice with bonds open
or closed, given a finite sample and a bond configuration, there either is or is not a path of
open bonds connecting one side of the sample to the other. However, if the bonds are pipes
with arbitrarily small radii, that is, the radii are chosen from a probability distribution with
support down to 0, then the question of whether a configuration or cluster percolates or
not 1s now determined by how ’‘thick’ one requires the spanning pathways in the cluster
to be. In other words, given a cut-off radius, one can then ask if connected clusters of
pipes whose radii exceed the cut-off percolate or not. If they do, then fluid flowing through
a percolating cluster of large enough pipes will generally be forced to travel through some
of the smallest pipes whose radii are near or at the cut-off. Moreover, these “bottlenecks’
or throats determine the leading order behaviour of the fluid permeability, or the effective
electrical conductivity if the bonds are conductors. There are rigorous theorems (and
analogous techniques in theoretical solid state physics) to this effect that form the basis of
critical path analysis [Golden and Kozlov, in Homogenization: Serguei Kozlov Memorial
Volume, V. Berdichevsky et al. (Eds.), 1999; Golden, in Homogenization and Porous
Media, U. Hornung (Ed.), 1997, Golden et al., GRL, 2007; Ambegaokar, Halperin and
Langer, Phys. Rev. B, 1971]. In the context of sea ice, which is of course a continuum
material, the percolation characteristics of the porous brine microstructure can be thought
of in terms of the pipe network described above. One way of putting a principal result of
this paper is that in sea ice samples of vertical dimension 2 cm to 8 cm with brine volume
fractions exceeding 2.4%, there are fluid pathways through the brine phase connecting the
top to the bottom whose minimal ’diameter’ exceeds 0.07 mm (or in terms of the pipe
network, configurations of pipes whose diameters exceed a cut-off of 0.07 mm span the
sample vertically, or percolate).

Answer:
We think that we intended to have pointed it out as one of our main results (see abstract,
the discussion subsection 4.3 and the conclusions): we find that our permeability threshold
is related to necking of pores near a diameter of 0.07 mm. We think that this may be a
basic property of sea ice microstructure and phase transitions that can be derived from
our young ice study.

2b. Now, let us discuss how this result is related to the so-called ‘rule of fives’ and
the generally accepted value of 5% brine volume fraction for the ’percolation threshold’ of
sea ice. The concise statement of this rule of thumb’ in the first paragraphs of the papers
[Golden et al., Science, 1998; Golden et al., GRL, 2007, Pringle et al., JGR, 2009]
s that columnar sea ice is ‘effectively impermeable’ to bulk fluid flow for brine volume
fractions below about 5%. This is not stated as a mathematical theorem, and there is an
understanding that by the very nature of percolation theory for finite samples, and the
complex multiscale structure of the brine phase, one would expect the possibility of some
fluid flow over relatively small scales through relatively small pore spaces, even for brine
volume fractions below 5%. (Figure 3b in [Golden et al., 2007] shows that the fractional
connectivity for samples of 8 mm in vertical extent remains non-zero down to below 4%
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brine volume fraction.)

Answer:

The abstract from Golden et al. (1998) states 'For temperatures warmer than Tc, brine
carrying heat and nutrients can move through the ice, whereas for colder temperatures
the ice is impermeable’. It does not state ’effectively impermeable’. It further claims that
"The similarity of sea ice microstructure to compressed powders is used to theoretically
predict p. (the threshold) of about 5 percent’. At that time a better estimate than ’about
5 percent’ was not possible, simply because data and model approaches were not detailed
enough. Also, as noted in our discussion, Golden et al. (1998) used the permeability data
from Ono and Kasai (1985) to support the 5% threshold and ’rule of the fives’. This ice,
however, was very young and thus very likely had much higher salinity and porosity then
first-year ice. We think that it is in time to revise the conclusions drawn in the early
account of the problem by Golden et al. (1998), and to provide results based on detailed
data and modelling as we have done here.

2c. However, I have personally made hundreds of in situ measurements of the vertical
fluid permeability of sea ice in the Arctic and Antarctic, by removing partial cores and
then measuring the rate at which water fills the hole through the ice at the bottom of the
hole by various techniques. Even with the uncertainties in this ’sack hole’ method, I can
unequivocally state that if the sea ice at the bottom of the hole is columnar and has brine
volume fraction below about 4% or 5% (and horizontal flow is blocked with ’packers’), there
will most likely be very little or no measurable fluid in the hole even after a few hours.
As the brine volume fraction of columnar sea ice decreases from high values associated
with quite permeable ice, there is a noticeable, clear transition to bulk fluid flow over the
scale of tens of centimetres relevant to the experiment, being essentially shut down, or the
ice becoming effectively impermeable, once the brine volume fraction gets below about 5%.
Roughly speaking, permeability values then generally lie below about 10712,

Answer:

As pointed out in the last answers, and in the manuscript, a closer look into the data on
which the 'rule of the fives’ once was based indicates inconsistencies: Permeability data of
Ono and Kasai (1985) relate likely to much higher porosities than once assumed, while CT-
based results from Pringle et al. (2009) could be resolution limited. Our analysis provides
new insights for young ice. However, there is need for measurements of permeability and
determination of porosity thresholds for older ice. However, to our knowledge most of the
’hundreds of in situ measurements of the vertical fluid permeability’ the reviewer mentions
have not been published. Those that we are aware of are published in Fig. 1 of Golden
et al. (2007) and show considerable scatter. Putting an ’effective permeability threshold’
near a porosity of 4 or 5% and saying that 'permeability values then generally lie below
about 107'2m?’ seems not well backed up by data. Have we overlooked a publication?

2d. The spirit in which this rule was developed was in terms of whether or not the
brine microstructure could enable various geophysical processes such as surface flooding
and subsequent snow-ice formation, melt pond drainage, and changes in salinity. For
example, suppose we consider upward percolation of sea water and brine due to snow
loading of the ice surface, and the subsequent freezing of the flooded surface snow. If
the upper layer of sea ice through which fluid must pass to reach the surface, say, has



permeability around 10713 with brine volume fraction just below the threshold, we may
wind up with very little water on the surface and essentially no new snow-ice production.
On the other hand, if the permeability of this restrictive layer is around 10~ or larger
with brine volume fraction a bit above the threshold, then after several hours there may
be a few centimetres of water on the surface which could produce a significant amount of
snow-ice that affects ice mass-balance accounting.

Answer:

We think that, even if movement is slow at low porosities, a more precise porosity thresh-
old and permeability prediction would be valuable for many sea ice problems: E.g., for
modelling slow desalination, gas and nutrient fluxes on time scales of months and years.
This contrasts more rapid flow processes like surface flooding and melt pond drainage.
Moreover, this slow fluid flow will change the microstructure on which it depends, and
thus can be important for the evolution of many physical properties like albedo, strength
and thermal conductivity and also: the permebaility itself. Hence, there is good reason to
revise the threshold and obtain more accurate estimates that are linked to the microstruc-
ture. To make progress, percolation theory is a powerful tool, but its validation for sea
ice needs to be based on detailed microstructure observations. There are many processes
in need of the intrinsic 'permeability’ and not only the ’effective permeability’.

2e. From the point of view of the pipe network, the 5% threshold for bulk flow in
practice means that in sea ice samples of vertical dimension on the order of, say, 20 cm
to 50 cm with brine volume fractions above about 5%, there are fluid pathways through
the brine phase connecting the top to the bottom whose minimal ’diameter’ exceeds a
certain cut-off value, which is much larger than 0.07 mm. As reported in [Weeks and
Ackley, 1982/, S. Martin and co-workers over many studies found that most vertically
ortented ‘channels’ through which the bulk of fluid is transported through sea ice over tens
of centimetres have diameters that range from about 1 mm to 1 cm, with some channels
much larger. In Equation (4) of [Golden et al., GRL, 2007] the cut-off, bottleneck, or
minimal diameter was then chosen to be 1 mm, which leads via critical path analysis to
the prediction of the scaling factor in front. This percolation formula in Equation (4)
with a bulk transport threshold of 5% then agrees very closely with in situ data for brine
volume fractions above the threshold. By way of comparison with the scales considered
in the current paper, the amount of fluid that flows per unit time through a circular pipe
of diameter 1 mm is 10* times the amount that flows per unit time through a pipe of
diameter 0.1 mm, which is just a bit larger than the critical diameter of 0.07 mm in this

paper.

Answer:

These 'pipe networks’ are secondary channels that evolve over time in sea ice. Without
doubt, in older and warmer sea ice their diameters are much larger than 0.1 mm. Our
study has been concerned with young ice, where such wider brine channels systems had
only weekly developed. To our knowledge, predicting their evolution is a challenging and
unsolved problem. However, whatever their diameter is, they do not evolve on their own,
but are fed from and formed out of the smaller scale channel networks. This makes the
microstructure and permeability of young ice so important: it is the starting point for
desalination and formation of wider brine channels networks.



2f. Thus, it is not really appropriate to state without careful explanation and qualifi-
cation that the 2.4% value found here is considerably lower than the 5% threshold which
has been widely used for bulk flow over larger scales. What is being referred to is quite
different for these two situations, in the setting of a multiscale porous medium like sea ice
as described above, with the rule of fives and the 5% threshold describing fluid transport
behaviour on significantly larger sample and pore size scales than what is considered in
this paper. (In fact, the vertical sample size of 5 mm for the permeability simulations
calls into question the applicability of this work beyond the smallest of scales. See Figure
3 in [Pringle et al., 2009] on the dependence of the correlation length with brine volume
fraction.) The results described in [Golden et al. 2007, Pringle et al., 2009] with a vertical
threshold of 4.6% (and higher thresholds in the horizontal directions) were a first step in
imaging the connectivity of the brine phase and building toward larger scales, with the
analysis of the most basic building blocks - sea ice single crystals. As stated in [Golden et
al. 2007], 'These images provide insight into and constraints for more detailed modelling
of micro-scale inclusion connectivity. A similar analysis of large-scale pore networks re-
mains challenging, but is inherently reflected in the in situ permeability data.” Indeed,
extending such analyses to the scales relevant for the rule of fives remains a challenge
today.

Answer:

The point that we make and like to stress again is that observations and mathematical
models so far have been incomplete to properly constrain or support a 5% threshold, in
particular for thin young ice, or the near bottom regime of thicker ice. And it is for
such young ice for which the 'rule of the fives’ has once also been proposed Golden et al.
(1998); Pringle et al. (2009). We agree that the analysis of older sea ice, containing wider
brine channel networks, is a challenge. Yet we note that in our opinion, looking critically
at the available data for older ice, we cannot see a clear evidence that the 'rule of the
fives’ should be valid there. From the viewpoint of pore microstructure, there is too little
information about volume fractions of the pore space that belong to larger and smaller
pores, and how they are connected.

To account for the 2a-2f comments and answers in the manuscript, we have rewritten
subsection 4.5 on the porosity threshold and added a section 4.6., where we clarify the
need to distinguish between granular and columnar ice texture, young and old ice and
local and full-thickness permeability, and discuss scale effects. We point out that our
results only apply to columnar young sea ice, and add figure 10 and its description in
3.4 to make the overall pore size distribution of our ice more clear. We also modified the
abstract, see above.

The rewritten and extended subsection 4.5 for the Porosity threshold:
L513 The present analysis has enabled us to deduce a porosity threshold of
2.0 < ¢. < 2.9%. This optimal threshold porosity cannot be deduced from the
CT measurements alone as these data are scattered, and the CT samples are
1/50 in volume of the centrifuged samples. However, the evidence based on
the larger centrifuged samples is much stronger. Our confidence is related to
the power law fit of the centrifuged porosity in Figure 4 (critical exponent
= 0.83+0.03) and its consistency with the theoretical critical exponent from
directed percolation (critical exponent 5 ~ (0.82). Based on this agreement we
can state that, if our hypothesis is correct, that the pore space evolution of sea
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ice follows the behaviour of directed percolation, then this implies a threshold
porosity for percolation in the range 2 to 3 %.. The CT-based microstructure
analysis supports these results, and further can be interpreted in the way,
that the threshold is related to the necking or close-off of pores at a critical
diameter of 0.07 mm. Our deduced porosity threshold is just half of the value
of ¢. = 5% once proposed by Golden et al. (1998), that since then has been
confirmed in other studies and become the mostly accepted threshold for sea
ice permeability and desalination (Weeks, 2010). In the following we discuss
these studies in the context of our results.

The first proposal of a critical brine porosity and permeability of sea ice
was once published by Golden et al. (1998). These authors proposed that
observations and modelling indicated that sea ice typically becomes imper-
meable when its salinity is 5 ppt, its temperature -5°C, and its brine porosity
5%, which is now known as the ’rule of the fives’. To support this hypothesis
the authors used a percolation approach based on an analogy to compressed
powder, where the threshold depends on the ratio of critical brine inclusion
to ice crystal thickness scales. The experimental evidence was based on the
experiments from Ono and Kasai (1985) discussed above, for which Golden
et al. (1998) proposed a porosity threshold of 5% associated with a tempera-
ture -5 °C. However, on the one hand the model is simplistic and not backed
up by detailed microstructure observations. On the one hand, our analysis
above indicates that the experiments from Ono and Kasai (1985) were likely
far away from a porosity of ¢ ~ 5% and can not validate the behaviour near
that porosity. Also, there is reason to believe that the ice salinity has changed
during these experiments, making the results difficult to interpret. Due to
these considerations, and comparison to our simulations in Figure 11 (new:
12), we think that the data points from Ono and Kasai (1985) can hardly be
associated with a percolation threshold.

An earlier proposal of a critical brine porosity ¢. = 5% has once been
suggested by Cox and Weeks (1988), based on observations of observed salt
fluxes from sea ice (Cox and Weeks, 1975). The data has been later analysed
in more detail by Petrich et al. (2006), coming to the conclusion that sea ice
permeability limited to brine porosities above ¢. ~ 5.4%. However, there is a
general problem with this argument: It is not the vertical permeability that
has been observed by Cox and Weeks (1988), but the desalination of the ice.
The latter however depends on other factors, like the brine salinity gradient in
the ice and as well as the horizontal permeability to drive internal flow. The
analysis may thus be interpreted to represent a porosity threshold at which
convection sets in, rather than at which the ice becomes impermeable.

The most stringent approach to estimate ¢. was proposed by Pringle et al.
(2009), based on the first 3D analysis of CT images. These authors focused on
the vertical connectivity ¢.. and investigated its scale dependence to estimate
the connectivity threshold based on assumptions from isotropic percolation
theory (Stauffer and Aharony, 1992). They investigated artificial sea ice im-
ages, cubic and with side lengths 2 to 7 mm. From the scale dependence of
¢.. they deduced a critical value of ¢, = 4.6 0.7 % for the vertical percolation
threshold. This result thus seemed to support the earlier work and ’rule of
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the fives’. However, in view of the present study and in particular the throat
size threshold, also this result may need some revision. The critical aspect is
that the detectability of pores was likely limited to widths of 83um (Nyquist
criterion of two times the voxel size). In our study, with a 36pum Nyquist cri-
terion, we are observing larger scatter in connectivity and pore scales, when
the porosity threshold is approached. We thus suppose that such problem
may have influenced the percolation behaviour of the samples from Pringle
et al. (2009) at two times coarser resolution. E.g., considering our deduced
critical throat size of 70um, a similar value would not have been resolved by
imagery with a 83um Nyquist criterion. A simplistic quantitative argument
may be obtained by looking at Figures 10b for the throat size D,;,, and 10d for
the maximum path diameter D,,.. We can ask at which porosity the lowest
observed median throat sizes drop below 83um, which indeed happens in the
range 5 < ¢ < 6 %. Finally, though likely of minor importance, the results
from Pringle et al. (2009) can be expected to change if critical exponents for
directed rather than isotropic percolation, supported by the present study,
would have been used in the derivation.

In summary, we interpret the earlier work as follows. The proposal of the
'rule of the fives’ by Golden et al. (1998) was based on permeability measure-
ments in young ice (Ono and Kasai, 1985). As this ice likely had an initial
porosity much larger than 5%, and the data are difficult to interpret, their
analysis cannot provide evidence for a 5% percolation threshold. Results from
a CT-image based study by Pringle et al. (2009) in support of ¢. of 5% may
have been resolution limited (in view of the present higher resolution results).
An indirect approach by Petrich et al. (2006) using desalination data from Cox
and Weeks (1975) also indicated a 5% threshold, yet the latter strictly only
applies to the driving force of internal convection, not to permeability itself.
Hence, many studies and datasets of young sea ice that have been proposed
earlier in favour of a 5% porosity threshold seem to require a revision, while
our confident threshold range of 2 to 3% from centrifuging is a factor of 2
lower. We finally add a note on the question if the true threshold porosity
might be even smaller, and was limited by our centrifuge acceleration of 40g.
As discussed in connection with equation 4, we estimated that our settings
should be valid to retrieve permeabilities as low as 10~'* m?. Hence, though we
may have missed lower values, our overall data are consistent with percolation
theory and the here proposed porosity threshold.

The novel sub-section 4.6. Other ice types and growth conditions:
The discussion of earlier work, and the present results apply to the permeabil-
ity of young columnar sea ice during its growth phase, at a stage when mostly
primary brine channels and pores exist. Here we discuss possible implica-
tions for other ice types, age, thickness, and scale effects. We consider four
aspects to be most relevant to generalize our results. These are dependence
of permeability on (i) ice growth velocity, (ii) ice type/texture, (iii) ice age
and (iv) scale effects due to full thickness finite sample sizes. The first three
aspects are related to natural variability in growth conditions and thermal
history. The fourth aspect is related to the process to be investigated (e.g.

9



full depth permeability for surface flooding versus near-bottom permeability
for desalination/internal convection). It also relates to the question, if tested
samples are representative volume elements for the process and represent sea
ice macrostructure.

(i) Our range of 2 — 3% for ¢. is valid for young ice that has grown at
moderate growth rates (2-5 cm/day for both our and Freitags experiments).
We conjecture that this threshold is not a constant for sea ice but depends on
growth conditions. The basic argument is that, if the critical length scale for
necking of throats controls the transition, the critical brine volume ¢. may be
expected to simply scale inversely with the spacing of these throats. Assuming
that this spacing is proportional to the basic brine layer or plate spacing a(, one
would expect that ¢. ~ a;', implying that the percolation threshold in slower
growing ice (with larger () should be smaller. This effect may potentially also
explain differences between our results and other studies discussed above, yet
would require more data to be proven.

(ii) Sea ice may grow as columnar or granular ice, and the latter ice type
often prevails at the surface or the upper centimetres. In our ice cores the up-
per two samples were granular and these have been excluded from the present
pore scale analysis of columnar ice. In Figure 13 (new) we also show results
for these granular samples. The number of data points is limited yet seem
to indicate a higher porosity threshold. While the small number of granular
samples are insufficient for a statistical significant conclusion (contrasting the
large number of columnar samples), the larger porosity thresholds reported
by Golden et al. (1998) for surface flooding and full depth percolation may be
viewed in this context.

(iii) During aging and thermal cycling, sea ice develops wide secondary
brine channels systems (Weeks, 2010). These larger pores will then control the
permeability that can be orders of magnitude larger. In our young ice there
are some wider channels, leading to samples with 1-2 orders of magnitude
larger permeability. However, as shown in Figure 10 (new), the majority of
the samples is lacking such wider secondary channels, and the permeability
is controlled by the primary network. There is in general a lack in data on
permeability and pore sizes as well as the the porosity threshold of older sea
ice (Freitag, 1999; Freitag and Eicken, 2003; Golden et al., 2007). E.g., sack-
hole measurements of permeability reported by Golden et al. (2007) show
considerable scatter. It will be a future challenge to determine how secondary
channels evolve in time and space, and how this depends on fluid flow and
permeability within the finer primary pores.

(iv) Scale effects are related to the question: Which is the length scale
of internal fluid flow for which we need to know the effective permeability?
In Figure 7 and 11 (new: 12) we have presented our permeability results for
samples of vertical extension 5.5 mm. These indicate a scale effect due to finite
sample sizes visible in the sample to sample variation of permeability. The
reason for this variation is that the frequency of wider brine channels is too low
to be presented in all our samples. However, due to the large dataset, and the
constraints on ¢. from the centrifuge-experiments, this effect of finite samples
sizes is not critical for our results. In Figure 13 we further compare these
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results to (harmonic) mean permeabilities of 3-5 sub-samples, corresponding
to sample heights of 17-28 mm, and do not find a significant difference in the
permeability-porosity relationship. We thus believe that our volumes have
been sufficiently large to be interpreted as representative volume elements for
young sea ice, also when comparing them to only moderate finite size effects
in connectivity reported by Pringle et al. (2009) for 2 to 7 mm sample sizes.
The present results should thus be relevant for convection and desalination
modelling in the near-bottom regime and skeletal layer of sea ice. Processes
like surface flooding and melt pond drainage would depend on the full depth
permeability, and thus depend on the lowest local permeability values. This
again raises the question, if the percolation threshold of granular ice is given
by a higher brine porosity. There is a need for more data.

3. One major significance of the paper, in my opinion, is that they have explored a
new level of fine scale structure and conducted a high resolution analysis of the habitats
of microbial life in sea ice, and also carefully computed a key property of sea ice which
s critical for local nutrient fluxes, namely, fluid permeability, on scales which may be
particularly relevant for small scale biological processes.

Answer:

We agree, but like to add that the fine scale results established here are also essential
for sea ice desalination and microstructure evolution in general, being a starting point
to ultimately predict physical properties and their evolution. To make this clearer, and
indicate future needs, we have added the following paragraph in the conclusion:

L574 The present work presents new insight into the sea ice pore space evolu-
tion of young sea ice and theoretical interpretation of the latter. It demon-
strates the large potential of 3D X-ray micro-tomographic imaging to make
progress in our fundamental understanding of sea ice properties. For future
work we suggest several directions to make further progress. First of all,
the result for permeability-porosity relations and thresholds, are not directly
transferable to the thicker, older and warmer summer ice. The latter often
contains coarser secondary brine channels that are lacking in young ice and
that are relevant for processes melt pond percolation and melt pond albedo
feedbacks (Freitag and Eicken, 2003; Polashenski et al., 2017). This reflects
one of the challenges in sea ice physics, which is to improve our understanding
how the sea ice pore space, as well as permeability and other physical prop-
erties evolve over time. To make progress more 3D CT data of sea ice and its
pore space evolution over time are needed. Second, while the present study
may be seen as a starting point to a concise understanding and modelling of
this evolution, it should be verified with higher spatial resolution to clarify
any resolution limit with respect to necking and porosity thresholds. Third,
there is a need for comparing granular and columnar ice, as the granular sur-
face layer will be important for the through-flow permeability. And last but
not least, due to the lack in experimental data, carefully controlled labora-
tory experiments in the lines of Ono and Kasai (1985) would be of high value.
Combing such experiments with repeated CT imaging to monitor flow-induced
microstructure changes, could provide valuable insight about the evolution of
the sea ice pore space and its permeability. A useful concept with centrifuged
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sea ice would be measurements of kerosene permeability in a permeameter
(Saito and Ono, 1978; Saeki et al., 1986), allowing validation of permeabil-
ity computed from CT imagery and the question if there are sub-resolution
pathways.

4. I am concerned that while centrifuging may leave major inclusion structures intact,
if this process modifies the brine microstructure by opening up new pathways that then
appear to be connections in the X-ray tomographic images, it will be at these finest scales
that are the focus of this paper. I think there should be some discussion of how the
centrifuging process may or may not affect the 2.4%.

Answer:

Freitag (1999) has performed the same centrifuge technique, and has discussed some as-
pects. We add now the following paragraphs sentence in the methods and the discussion:
Methods, L8 The centrifuge parameters depend on centrifuge type and were
carefully chosen on the basis of several tests. (i) Ice samples were centrifuged
with temperature loggers to determine temperature stability. Slight warming
of the centrifuge was observed, leading us to the choice of an in initial cen-
trifuge temperature 1K below the ice in-situ temperature. A similar value was
chosen by Weissenberger et al. (1992) similar centrifuge times. (ii) Varying
the centrifuging time from 10 to 20 minutes showed that more than 95% of
brine where extracted during the first ten minutes, and we selected 15 min-
utes. (iii) Freitag (1999) noted that incomplete centrifugation of brine might
lead to brine remnants which, after cooling and freezing, might block pores
and decrease the permeability. We have indeed found such a result in an
earlier study with centrifuge acceleration of 15 g (Buettner, 2011) and thus
tested the effect of relative centrifuge acceleration for three ice cores at 10, 25
and 40 g. The result was on average 20% less centrifuged brine at 10 g, but
only a slight non-significant 5% difference between 25 and 40 g. We thus are
confident that 40 g is a proper choice for extracting the connected brine.

Discussion, LL368 We have considered and avoided several possibilities how
centrifugation might bias the results. Incomplete centrifugation of brine might
lead to brine remnants which, after cooling and freezing, might block pores
(Freitag, 1999). This might create a higher apparent porosity threshold, indi-
cated by an earlier study Buettner (2011) with lower centrifuge acceleration
(15 g compared to our 40 g). By carefully choosing the parameters we think
that we largely avoided this problem. Also the warming of ice samples in the
centrifuge was carefully tested and avoided by using a centrifuge start temper-
ature 1 K below the in-situ sea ice value. Other effects, like pressure melting of
ice or internal deformation, are unlikely at the relatively small centrifuge rates
we used. We cannot exclude that centrifuging has implied minor deviations
from in situ temperatures. However, what we derive, in essence and for the
first time, from centrifuging and CT imaging, is the relationship between open
porosity, total porosity and permeability. We rate it as unlikely that small
internal structure changes due to fluid redistribution and freezing/melting in
the centrifuge will change this relationship fundamentally.
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5.The results in [Perovich and Gow, JGR, 1996] should be referenced and briefly dis-
cussed in light of the results in this paper.

Answer:

We add in the discussion:

L428 Also Perovich and Gow (1996) have optically analysed sea ice inclusions
in 2D thin sections, focusing however on other microstructure characteristics.
From their tabulated values of major axis length, perimeter and circularity of
ellipses that were fitted to brine pores, one can deduce a minimum axis length.
Median values obtained in this way (see Maus (2007)) fall in the range of 0.05
to 0.1 mm and are comparable to our observed values. However, from the 2D
data no information on pore connectivity and necking is available.

6. A few sentences, or synopsis, about the scales of features the authors can resolve
and how their resolution compares to previous works would be welcome, or if this were
made a little clearer with a sentence like: "The inclusions we see that form connected
fluid pathways at lower brine volume fractions than have been observed before have the
following characteristic ranges of dimensions, etc.” The paragraph around line 135 needs
to be expanded and clarified.

Answer:

We added:

L136 With the current imaging settings, and image processing for analysis and
simulations, we expect to observe pores and inclusions with smallest dimen-
sions of 36 ym (corresponding to a Nyquist criterion of 2 times the voxel
size of 18 pym). This is an improvement by a factor of two compared to the
voxel size of 41.5um in the CT-image study of laboratory grown ice by Pringle
et al. (2009). Our horizontal scale is large enough to also observe pores and
brine channels situated between grains of typical dimensions 5 to 20 mm.
Our standard vertical scale of 5.5 mm is smaller than used in standard sea
ice bulk sample analysis of several centimetres, yet we can always merge the
subsamples to look at comparable vertical scales. The choosen horizontal and
vertical scales are well above the typical pore scale characteristics of young ice
obtained by Eicken et al. (2000) based on the analysis of Magnetic Resonance
Images with lower resolution (0.09mm voxel size).

7. In line 375, it is stated, 'So far sea ice permeability has been studied in terms of
isotropic percolation (Petrich et al., 2006; Golden et al., 2007; Pringle et al., 2009)".
However, in [Pringle et al., JGR, 2009] the finding of different values of the percola-
tion threshold in three perpendicular directions for a sea ice single crystal is certainly
anisotropic percolation, and should be noted as such.

Answer:
In the context of this statement we had noted that Pringle et al. (2009) have analysed
their data based on isotropic percolation theory, while directed percolation belongs to a
different universality class (L380-381). However, to make this difference clearer we add
at the end of the paragraph:
L383 E.g., it will be a future challenge to study the anisotropy in permeability,
observed by Freitag (1999), and the directional dependence of the porosity
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threshold, found by Pringle et al. (2009), in terms of directed percolation.

8. The idea of analysing the effective centrifuged brine volume fraction compared to
the total is excellent. However, by a certain point there seem to be so many different types
of porosities running around that it is difficult to keep them straight. Perhaps a synopsis
and overall explanation would be helpful, as well as clearer definitions with diagrams of
all the parameters in Table 2.

Answer:
We considered this but decided that the information in Table 1 should be sufficient. In
essence we only focus on the dependence of all properties on total porosity.

9. Line 23 - should refer to [Polashenski et al., JGR, 2018] which deals explicitly with

the issue of how initially permeable sea ice supports melt ponds.

Answer:
We added this reference in the extended conclusion (see our response to 3. above, new
paragraph at L574)

10.Line 92 - missing a ‘¢’ in subscript of phi.

Answer:
Corrected

11. The exponent in Equation (8) is 2.6, which I assume is a best fit. The correspond-
ing exponent in Equation (4) in [Golden et al., GRL, 2007] is 2. This is a theoretical
prediction, based on an argument that even though sea ice is a continuum material that
could ezxhibit so-called non-universal behaviour different from lattices (with its exponent
larger than 2, see [Golden, PRL, 1990] for rigorous results on lattices), it exhibited univer-
sal behaviour due to the log-normal distribution of brine inclusion sizes. It is interesting to
speculate if the exponent of 2.6 in this paper is a demonstration of non-universal behaviour
at these fine scales. Perhaps a sentence could be added addressing this?

Answer:

We felt the need to discuss the exponent in some detail. E.g., we think that a relationship
between pore sizes and porosity will basically create a larger exponent than 2. We added
a discussion of the permeability exponent in section 4.4:

L512: For modelling efforts of the permeability with porosity, the obtained
exponents are of high relevance. In general the dependence of permeability K
on porosity ¢ is often empirically characterised by an equation of the form K ~
¢*. The simplest model is to relate porosity ¢ to pore diameter d and assume
the well known relationship K ~ ¢d?. From the basic sea ice microstructure of
parallel brine layers (d ~ ¢) and circular tubes (d ~ ¢'/?) one could argue for
2 < b < 3. The larger exponent b = 4.0+0.4 that we find (Figure 7) reflects that
not only pore diameters are changing with porosity but also their connectivity.
Percolation theory accounts for this effect, which is resembled by an equation
that involves the threshold porosity in the form K ~ (¢ — ¢.)" (see also Eq.
8). For isotropic percolation this has been first proposed as ’critical path
analysis’ for the electrical conductivity Ambegaokar et al. (1971), and the
current best estimate for the conductivity exponent, in the form F ~ (¢ — ¢.)°

14



is e = 2.0 (Stauffer and Aharony, 1992). The permeability exponent ¢t however
will be larger than e = 2.0 if the characteristic pore scale d. of permeating
paths is changing with porosity. This problem has been addressed by several
authors proposing an equation of the form K ~ d?(¢ — ¢.)¢. E.g., Katz and
Thompson (1986) proposed to determine the length scale d. on the basis of
mercury porosimetry. This is indeed the approach (virtual porosimetry) we
have applied to determine the throat sizes in the present study. If we insert
the throat size exponent from Fig. 10b, d. ~ ¢%%, and assume ¢ = 2.0 we
would get a dependence of the form K ~ ¢°% (¢ — ¢.)%. This in turn is not very
different from our percolation-based fit K ~ (¢ — ¢.)*%. We note that Golden
et al. (2007) have proposed t = 2.0 for older sea ice, arguing that wide brine
channels with a constant critical diameter control the permeability, and also
reported ¢ = 1.97 as a best fit to the data from Ono and Kasai (1985). We were
unable to reproduce the latter result based on the data in Figure 11 (new 12),
using our estimates of ice salinities in the experiments from Ono and Kasai
(1985). Owur best fit for the permeability critical exponent, t = 2.6 + 0.3, is
largely consistent with percolation theory, critical path restriction by throats
and their dependence on porosity. It is valid for young sea ice where the
permeating pores are shrinking with decreasing porosity, and will differ for
ice with a different pore-porosity relationship. Also for young ice, a general
prediction may be more complicated due to three aspects: First, it has been
pointed out by Le Doussal (1989) that the approach from Katz and Thompson
(1986) needs to be revised for broad pore size distribution which may lead to
higher exponents for the permeability. Second, the exponents may also be
different for directed percolation. And third, ice type may play a role and
results for granular ice may be different. We are currently investigating this
problem in more detail.

12. Line 15 - I believe the authors meant to say ’Sea ice is a porous medium that
covers, on average, about 12 percent of the earth’s oceans.” (Or about 7 percent of earth’s
surface).

Answer:

'5-T7 percent of the earth’s oceans’ is indeed what we ant to say. There is, in the present
climate, not more sea ice covering the oceans at the same time, considering that a sea
ice maximum in the northern hemisphere coincides with a minimum in the southern
hemisphere and vice versa.
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Figure 1: New Figure 10 Pore size distributions based on XRT imaging of 4 young ice
cores. a) Fraction of open brine pores in 18 pm wide size bins for the two warmest (red)
and two coldest (blue) cores. The corresponding cumulative fractions are also shown, with
y-axis on the right hand side; b) same as a) but for the porosimetry/ fraction of pores

throats.
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Figure 2: New Figure 13 Comparison of simulated vertical permeability K and (¢ — ¢.)
for columnar samples (as shown in Figure 11 and here as open circles) to two other
simulation results. The solid circles are harmonic means of all subsamples (normally four
to five) from each basic sample cut in the field (and centrifuged). The red stars are
permeability results for near-surface samples (up to 5 cm from the surface) that were
classified as granular ice and thus excluded from the basic analysis.
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