Temperature-Dependent Pore Space of Sea Ice:
X-ray CT and Dual Model Analysis
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Dual Model analysis

Experimental methods

Overview
Sea ice is an important geophysical material. It is porous due to the presence of brine inclusions,
and has a temperature-dependent porosity [e.g. Eicken, 2003]. Its fluid permeability is relevant to
physical, biological and environmental processes, but the permeability-porosity-temperature
relationships of sea ice are not well known, or understood on a micro-structural (pore-scale) basis.
We aim to quantitatively characterize brine volume connectivity over the porosity range in which sea
ice is hypothesized to display a percolation threshold at fc ~ 5% [e.g. Golden et al, 1998]. We have
applied a new ‘Tight Dual Model’ [Glantz and Hilpert, 2006 a,b ]to 3-D X-ray computed tomography
(CT) images of artificial sea ice.

Sea ice porosity and brine inclusions
(a)

To focus on intra-cystalline brine layers, samples were cut
from single crystals of artificial sea ice grown from a solution
of ‘Instant Ocean’ salt mix. The x-ray attenuation contrast
between ice and brine was enhanced by doping the solution
with up to 30% CsCl.
X-ray CT was performed with a Skyscan 1074 scanner with
o
20 keV x-rays (0.6 A) and a voxel resolution of 41.5 mm.
Images were segmented via simple thresholding by
constraining the computed porosity with that calculated from
measured salinity and temperature.

Dual Model analysis provides two mathematically dual
representations of a pore space, [Glantz and Hilbert, 2006 a,b]:
(i) a pore body / pore throat decomposition, and
(ii) a network model of nodes and edges.
See the poster of Roland Glantz & Markus Hilbert, in this
session (AGU,FM06).
The newly-developed TDM code was designed with drainage
/imbibition simulations in mind, but we have apply it here to
examine pore connectivity and critical restrictions in the
connected paths to individual pore bodies.

(b)

o

Preliminary results for low and high porosity samples
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Upper surface, and volume view of pore space. Blue: pores in direct contact with top surface; Green: pores in direct contact
with bottom surface; Cyan all other pores. Direct contact means no throats between these pores and surfaces.
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Fig. 1. Schematic of ice
/ocean interface. The lamellar
structure arises in the
presence of a ‘constitutional
supercooling’ below the
interface. As the ice continues
to grow, ~ 100-200 mm wide
brine layers form within single
ice crystals [Eicken, 2003].

Fig 2. Horizontal thin
section between crosspolarizers. Different gray
shades are separate ice
crystals, with black brine
layers, and some larger
inter-granular ‘brine
tubes’ [Eicken, 2003].
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Fig 3. Photographs of natural sea ice cores.
(a) effect of temperature variations on brine inclusions and
air bubbles (dark-rims); (b) larger-scale porosity from a
brine drainage network feeding into a ~ 1cm brine channel.

Top view shows parallel brine layers and porosity contrast.
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Small disconnected pores visible in -12 C sample. View
O
down oriented brine layers in -3 C sample.
T = -12 oC

T = -3 oC
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Volume fractions of brine and entrained gas can be
calculated for known bulk salinity, density, and temperature
[Eicken, 2003].

Interaction of ice with contaminants (eg. potential
under-ice oil spills, and organic pollutants transported
by meltwater).

Sea ice also serves as a potential microstructural analog for other geophysical melt
phase systems, eg. volcanic conduits.
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The fate of surface melt (ponding or drainage?)
and therefore the ice surface albedo which is
important for climate interactions.
Nutrient delivery and habitat for resident
microorganisms.
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The permeability of sea ice is important for:
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T = -3 C
75% ‘connectivity’
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As temperature drops, the salinity of brine inclusions must
increase in order to depress its freezing point to remain in
equilibrium with the ice. Therefore the brine volume
decreases, and conversely, with warming the brine volume
increases (Fig. 3).
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As sea water freezes, salt ions are rejected from the pure
ice crystal lattice, leading to both brine-layers within single
ice crystals, as well as brine inclusions along grain
boundaries (Figs. 1,2). Here, we focus on the former.

Interest in porosity permeability - temperature

C

Temperature-dependent porosity

T = -12 C
No spanning paths

Scatter plots: fraction of pores and pore volumes that can
be reached from the z=0 surface (green pores above). No
O
single path traverses the -12 C sample, but ~ 75% of the
O
pore volume connects across the -3 C sample, i.e. can be
reached from either surface.

Critical path analysis: consider all paths to a given pore,
along each of which there is a narrowest throat, measured
by the area/perimeter ratio, a/p. The critical a/p for each
pore is the largest of these such restrictions. In sea ice ,we
expect this to be the last throat to freeze up with cooling.

Ongoing work and future directions
O

O

The results at -3 C and -12 C are encouraging. The fractional connectivity plots resolve a clear difference in behavior, and the critical path
O
analysis appears to support the intuitive idea that the loss of connectivity in the -12 C is due to a decreased probability of larger throats.
We will now proceed with characterizing and quantifying variations in pore space geometry and connectivity over the apparent transition
spanned by our samples. With Arctic Region Supercomputing Center resources, the computationally-intensive code will be applied to multiple
sample sub-volumes larger than those shown here. Suggestions for this analysis are welcome.
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