cold regions

. science
e L and technology
ELSEVIER Cold Regions Science and Technology 31 (2000} 2072258 e

www.elsevier.com /locate /coldregions

Magnetic resonance imaging of sea-ice pore fluids: methods and
thermal evolution of pore microstructure

H. Eicken®”, C. Bock ®, R. Wittig °, H. Miller *, H.-O. Poertner ®

¥ Geophysical Institute, University of Alaska Fairbanks, P.Q. Box 757320, Fairbanks, AK 99775-7320. USA
" Alfred Wegener Institure for Polar and Marine Research, P.O. Box 120161, D-27515 Bremerhaven, Germany

Received 29 Ociober 1959, accepted § July 2000

Abstract

Microstructure and thermal evolution of sea-ice brine inclusions were investigated with magnetic resonance imaging
(MRI) technigues. Ice samples were kept at emperatures between —2°C and — 25°C during 'H imaging in a 4.7-T magnet
at 200 MHz. Measurements were completed in a 20-cm diameter cylindrical probe and actively shielded gradient coils {max.
30 mT m™', pixel dimensions > 0.2 mm, slice thicknesses > 1 mm), and for higher resolutior in a mini-imaging unit with
a 9-cm diameter probe with gradient coils of 200 mT m™! (pixel dimensions < 0.1 mm. slice thickness < (0.4 mm).
Absorption of radio-frequency (RF) signals in the dielectrically lossy brine resulied in degraded signals and was alieviated
by use of a contrast agent (decane). MRI data and sea-ice thin section images agree very well (< 5% deviation for pore
microstructural parameters). Analysis of ice grown under different current speeds indicates that pores are smaller and pore
nummber densities larger at higher current speeds. The thermal evolution of fluid inclusions was studied on cold first-year ice
samples, maintained at cjose to in-situ lemperatures prier te experiments. Warming from —21°C to ~ 10°C to —6°C is
associated with a distinct increase in pore size {from 1.5 to 1.7 to 2.6 mm for the upper 10-percentile in the vertical) and
elongation (4.0 to 4.2 to 6.2 for ratio of major to minor pore axes in the vertical) and a decrease in number densities (0.75 to
0.62 0 (.58 mm™" in the vertical). Aspect ratios increased from 4:2:1 to 6:2:1 (upper 10-percentile), indicating expansion
and merging of pores in the vertical, possibly promoted by microscopic residual brine inclusions. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Sea ice is distinct from other types of ice present
at the earth’s surface owing to the ubiquitous occur-
rence of sub-millimeter to decimeter-sized inclusions

* Corresponding author. Fax: +1-907-474-7290.
E-mail address: hajo.eicken@gi.alaska.edu (H. Ficken).

of liquid brine (Weeks and Ackley. 1986, Weeks,
1998; Wettlaufer, 1998). These inclusions strongly
affect radiative and heat transfer through the ice
(Perovich, 1998; Weeks, 1998) and they control the
electromagnetic properties of sea ice (Hallikainen
and Winebrenner, 1992; Golden et al., 1998ab). As
the brine seeks to maintain thermodynamic equilib-
rium with the ice matrix, the morphology and size of
the inclusions depends strongly on the salinity and
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have been maintained at the in-situ temperature after
sampling. The ice samples originate both from ice-
tank experiments devoted to the study of microstruc-
tural evolution (Ficken et al., 1998) as well as from
coastal sea ice obtained at Barrow in northern Alaska.
Apart from a discussion of methodological aspects,
the evolution of pore microstructure will receive
particular attention in the context of ice permeabiiity
and fluid transport at lower temperatures (Golden et
al., 1998ab; Freitag, 1999), as the present contribu-
tion is part of a study devoted to fluid transport and
its importance for survival of microorganisms within
sea-ice pores at low temperatures (Eicken et al.,
1999; Deming and Huston. in press; Junge et al., in
press).

2. Methods

2.1, Principles and instrumeniaiion of MRI

The detection of water within a multi-phase sys-
temn with nuclear magnetic resonance (NMR) tech-
niques i a well-established technique and among
other topics has also been applied to problems in
sea-ice research to study the thermal evolution of the
brine fraction in sea ice (Richardson and Keller,
1966, Richardson, 1976; Melnichenko et al., 1979).
MRI is based on the principle that the resonance
frequency depends on the position of a nucleus in a
magnetic field gradient (Wehrli, 1988; Callaghan,
1991). The frequency spectrum obtained over a sam-
ple volume can then be decomposed into individual
frequencies (containing information about the x—y
position) and amplitudes (containing information
about the spin, or in the case of 'H, proton density).
Image acquisition and in particular the spatial resclu-
tion are determined by the timing and characteristics
of the RF pulses as well as the magnitude of the field
gradient across the sample volume.

The present study has been carried out in a Bruker
Biospec 47/40 imaging spectrometer {Bruker, Et-
tingen, Germany), at 4.7 T (Larmor frequency for
"H = 200 MHz) equipped with actively shielded gra-
dient coils providing field gradients of 50 mT m™'
and a mini-imaging unit with gradient field strength
of up to 200 mT m~'. Cylindrical probes adapted to

high-conductivity samples were used for RF signal
transmission and detection {20- and 9-cm diameter.
respectively). Image acquisition was mostly confined
to a spin—echo method (multi-slice multi-echo,
MSME, matrix size up to 1024 % 512, field-of-view
(FOV) up to 12X 12 em (standard imaging, S) or
6 % 6 cm (mini imaging, M), slice thickness down to
1.2 mm (8) or 0.3 mm (M), slice separation down to
5 mm (8) or 2 mm (M), with sinc3 RF pulses of
3000-ws duration} or a gradient—echo method
(FLASH, flip angle 22.5°, sinc3 of 3000 ps) with
typical echo times TE of 17.5 ms for MSME and 3
ms for FLASH. Repetition time TR was on the order
of 3002000 ms for MSME and 400-500 ms for
FLASH. Typically. imeasurements for individual
samples lasted between 4 and 12 h, averaging over
up to eight samples in order to increase the signal-
to-noise ratio (SNR).

2.2. Samples and sample preparation

In order to optimize MRI system performance and
to develop and improve upon methods of MRI data
analysis, a first set of measurements was carried out
on artificial sea ice grown under fully controlled
environmental conditions. These samples originated
from ice-growth experiments in the Environmenta!
Arctic Test Basin (EATB) of the Hamburgische
Schiffbauversuchsanstalt in 1996 and 1997 (IN-
TERICE I, Eicken et al., 1998). In a basin of dimen-
sions 30X 6 X 1.2 m. a congelation-type sea-ice
sheet was grown from artificial seawater, prepared
by dissolving Aquarium Systems “Instant Ocean”
artificial seasalt in tapwater, to between (.15- and
0.2-m thickness (for details, see Eicken et al., 1998).
The resulting ice is representative of new ice grown
under ratural conditions and exhibits the same inven-
tory of small- and large-scale pors features (Cottier
et al., 1999 Eicken et al., in preparation).

Samples for the studies of sea-ice thermal evolu-
tion were obtained in March 1999 from the fast-ice
cover near Barrow (sampling location at 71°19.95'N
156°40.55'W), on the northern coast of Alaska. Nu-
merous studies of the ice cover at this location have
shown it to be representative of homogeneous first-
vear, undeformed Arctic congelation-type sea ice
{Weeks and Gow, 1978; Cole and Shapiro, 1998). At
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physical properties and microstructure of the sample.
Given the lack of sea-ice MRI work, a first step in
the present study consisted of an optimization of the
instrumental parameters. Analysis of ice samples
immersed in brine at the respective in-situ tempera-
tures established that the SNR of gradieat—echo
FLASH images was poor, most likely due to RF loss
in the brine, and that the images showed artifacts due
10 susceptibility changes within the ice matrix (re-
sulting from air bubbles, brine—ice {ransitions, eddy
currents}. Spin—echo images yielded results that were
not severely compromised by artifacts due to eddy
currents induced in the brine layer surrounding the
sample {5- to 10-mm thick, see bottom of Fig. 2).

Air above sample

Brine channel

Ice matrix

Brine at base o

Fig. 2. MRI cross-section through layer of artificial sea ice
{sample H961219€Q), 0.07- to 0.14-m depth, slice thickness 1.5
mim, pixel size 0.4 X 0.4 mm)} recorded in immersion of artificial
brine a1 — 2°C with a spin-echo method (MSME}. Note that here
and in all subsequent images, MR and thin-section scenes are
shown as inverted contrast images (pores appearing dark). While
the brine channel in the center is well discernibie, very few pore
feanres can be identified in the ice matrix, as is evident from the
subregion in the upper right that has been subjected to a linear
histogram transform to enhance the contrast in the ice matnix.

However, due to the higher RF power input (90°-
1807 flip angles) in comparison to FLASH, the probe
was heating up at in-situ temperatures, COmpromis-
ing long-term image sampling. As apparent from the
vertical cross-section through a new-ice cover shown
in Fig. 2, the structure of brine channels and other
larger pore features is well-resolved. This includes
the upper layers of the sample where the channel is
widened and to some extent branched out. As shown
by the contrast-enhanced inset in Fig. 2, there is no
discernibie difference in the signal between ice ma-
trix and overlying air. At a pixel size of approxi-
mately .4 mm and a shice thickness of 1.5 mm,
smaller brine inclusions are not distinguishable within
the ice matrix.

While the resolution of the imaging system as
defined by the size of the volume elements (voxels)
may not allow for direct discrimination of smatl-scale
pores. it can still be feasible to derive the fraction of
such fiuid inclusions based on the signal strength
integrated over a larger sample sub-volume. Based
on Callaghan (1991}, the SNR for a signal induced in
the receiver coils of radius » during rescmance at
frequency f, and for a frequency bandwidth Af is
directly proportional to the volume fraction N, of
protons (in this case 'H in the brine) in a subvolume
V, such that

. NV fg "
SNR =K AF (H
with constant K= 12x 1077 s¥* m™? based on
instrument parameters and assuming solenoidal coils
at room temperature. For a voxel volume of (0.4
mm)’ and parameters characteristic of the Bruker
system employed in this study, SNR is roughly 100
in order of magnitude, with values decreasing to
below 10 as higher resolutions are approached. In
solids, the signal is broadened over a wider reso-
nance frequency band. In combination with shorter
relaxation times this allows for a direct discrimina-
tion between brine and ice. with the signal for pure
ice and air being close to indistinguishable (Fig. 2,
Table 1). Disregarding the submicroscopic effects on
the relaxation of 'H along phase boundaries, the
liquid fraction f, in a given sample volume with a
signal of magnitude S can be derived through a set
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Fig. 3. Comparison of pore microstructure between horizontal thin-section image {a} and MRI dats (b) of the same sea-ice sample
(H961219Q, 0.05-m depth). Pores appear dark in both images. with both Jarger secondary brine channels and pockess as well as smaller

brine i
for furizor details on image acquisition and data).

ton density as well as its immiscibility with water. In
this way, spin—echo imaging could be performed
with greater matrix sizes to increase resolution, more
adequate and shorter pulses resulting in thinner slice
thicknesses, and a larger number of signal averages
to increase SNR. At the same time, RF heating was
significantly reduced due to better probe matching
and reduction in eddy currents, allowing for longer
measurement periods. Fig. 3 demonstrates that sam-
ples saturated with decane resulted in a significant
improvement of image quality. Moreover, increased
signal strength allowed for a reduction in the linear
voxel dimensions by more than half (see instrument
parameters shown in Table 2). Thus, in a standard
mode of operation with 2 field gradient of 50 mT

Table 2

Comparison between thin-section image and MRI data {sampte
H361219Q, 0.05-m depth, low-resolution standard gradient coils,
see Fig, 3)

Parameter Thin section MRI data
data
Mean+ o Mean+ o
Pixel size (horizontaf), mm 0.18 0.21
Slice thickness {vertical), mm < 0.05 1.26
Porosity 0.187 0.176
Pore area, mm- 6,76+ 340 1.10 +4.40
Pore perimeter, mm 3.34+7.40 397 +8.60
Pore major axis, mm 1064123 11944 144
Pore minor axis, mm 0.4540.44 0.58 + 0,56

avers discernible. Pore-free areas along margin of upper half of thin-section samrple are artifacts due to sample processing (see Table 2

m™! in the 20-cm-diameter resonator, the method

appears to sufficiently reselve both larger-scale pores
such as brine channels as well as the sub-millimeter
brine layers characteristic of columnar sea ice (Fig.
3

3.2. Segmentation of MRI data

Quantitative microstructural analysis requires the
seginentation of MRI data into solid ice and fluid
inclusiens. In the case of MRI this can be ap-
proached in a rigorous fashion, given that the signal
is proportional to the total number of liquid-phase
protons in a given sub-volume. Hence, the signal
associated with the pure 2»d-member components S,
and S, (ice and brine or =:..ane) can be emploved to
constrain Eq. (2) and aliow for the derivation of the
liquid volume fraction (i.e., porosity) of individual
volume elements. S, and S, can be derived either
marnually through measurement over a test volume or
from a sample histogram such as the one shown in
Fig. 4. With the liquid volume fraction computed
from the signal of each individual voxel according to
Eq. (2), the segmentation criterion can be based on a
simple fractional-volume threshold, with all voxels
corresponding to a liquid volume fraction f, < 0.5
classified as ice and all those with f, > 0.5 as pores.
The classification error due to a finite SNR can then
be derived from the FOV and the number of sampies
averaged for each data set (see Section 5.1).
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Fig. 6. Comparisor of pore microstructure between horizontal thin-section image {a) — averaged over three serial sections spaced 0.2 mm
apart — and MR data recorded with the mini-imaging unit (b} of the same sea-ice sample (H970128Q, £ 15-m depth). Pores appear dark in
both images, with sysiem of subparallel brine layers clearly discernible {see Table 3 for further details on image acquisition and pore-size

data).

Ackley, 1986). With an FOV extending over close to
100 mm, a pixel resolution of around 0.2 mm and a
slice thickness of > 1 mm (Table 2), imaging in a
field gradient of 50 mT m™' is ideal for studies of
pore macrostructure in a larger sample volume (Figs.
2 and 3), but proved only marginally effective at
properly resolving the sub-millimeter pore structure.
This is also borne out by the mismatch apparent
between thin-section and MRI data at smaller pore
sizes in Fig. 3.

A significant increase in resolution and data qual-
ity has been achieved, however, by imaging in higher
field gradients of up to 200 mT m~'. In combination
with the cooling chamber, this system allows for the

Table 3

Comparisor between thin-section image and MRI data {sample
H970128Q, 0.15-m depth, high-resclution. 200 mT m~ " gradient
coils, see Fig. 6)

Parameter Thin section MRI data
data
Mean+ o Mean+ @
Pixel size (herizon:al), mm 0.08 Q.09
Slice thickness (vertical}, mm < {.05 0.4
Porosity 0.175 0.181
Pore arca. mm’ 032+ 131 0.28 +0.66
Pore perimezer, mm 292+ 580 2724383
Pore maior axis, mm 08371090 08344082
Pore minor axis, mm 0.3040.23 0.29+0.22

analysis of samples with approximate dimensions
30 X 36 x 60 mm. comparable to high-resotution im-
age analysis of thin sections, While the smaller FOV
reduces the SNR, this can be compensated for by
longer integration times. Smaller sample sizes also
reduce the amount of attenuation of the RF signal

= Thin section]

Act

Lag{y), mm

— Thin section|
- MRI

Dl I b

T T T
0.0 0.5 1.0 1.5 2.0 25 KXH
Pore area, mm2

1 H i

Fig. 7. Comparison of mmicrostructural parameters for thin-section
and MRI images shown in Fig. 6 {sample H970128¢, 0.i5-m
depth). Vertical cross-section through 2-D acf (Fig. 7a) and
pore-size distribution based on cross-sectional pore area (Fig. 7b).
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Table 4

.3
~.1

Comparison between MRI data (horizontal and vertical sections) for ice grown at different under-ice current speeds (high-resolution imaging
at 200 mT m™ ', see Figs. § and §: mean and standard deviation for mean values of eight individual sections per sample are shown)

H901219C. 6.08 m

Parameter HO70128Q.0.15 m

Honizontal Vertical Honzontal Vertical
Current velocity, ms ™' 0.00 0.00 0.6 0.16
Porosity 0.21 £ 0.8 020 +0.02 0.11 £ 0.01 0.11 +0.03
Pore area. mm” 0.27 £ 0.03 0.43 4 0.10 0.14 + 062 0,25 004
Pore perimeter. mm 2.60 +0.26 2.94 + 047 1.43 + 0.}1 1.95 + 0615
Pore major axis a,,;, mm 083 1£0.06 0.87 + (.13 0.50 + 0.03 0.68 + 6.03

0.30 £ 0.02 0.30 + 0.03 0.24 + 0.01 0.25 4+ 0.01

Pore minor axis a,,;,. mm

tions with an under-ice current speed of approxi-
mately 0.16 m s~ ', These measurements are moti-
vated by the lack of data and understanding of the
microstructural evolution of sea ice in different hy-
drodynamic regimes in particular as it relates to pore
structure and ice properties. Changes in the mi-
crostruciural evolution are forced by variability in
the thickness and structure of the laminar boundary
layer, on the order of a few millimeters thick, ahead
of the advancing ice—water interface (Weeks and
Ackley, 1986; Wettlaufer, 1998). The MRI data pre-
sented here are complementary 10 a2 more detailed
study of the evolution of pore space as a function of
under-ice current speed based mostly on horizontal
thin-section data by Eicken et al. (in preparation).

A comparison between the image data shown for
an ice cover grown at zero current (Fig. 8) and at an
under-ice current speed of approximately 0.16 m s~
(Fig. 9), in the upper range of natural conditions
(McPhee, 1990), demonstrates strong contrasts in
microstructare. For ice affected by a current of this
magnitude, the grain substucture with paralle]l or
sub-parallel brine layers separated by orderly arrays
of ice lamellae (Fig. 8a) breaks down into smaller
disjoint pores of more isometric cross-section (Fig.
92). In the vertical plane (Figs. 8b and 9b), this
structural change is just as pronounced with the
parallel brine layer arrays replaced by shorter (Fig.
9c), less well-ordered brine tubes. Such changes
evident in the MRI scenes are reflected in the pore-

20 15 <1 5 3 4 H [ 7 ] 100
0,0+ i i i 0.0 i E i i 00 i : Jod saas,
Brine :
. salinity} |
0.2 0.24 6.2+ 4 :
i
i
0.4 0.4 G4 h
. »
g 3
£ !
0.6 4 0.6 4 0.6
5} *
[w] ¥
¥
[
6.8 084 0.8 ~ :
Brine b
volume
fraction
1.0+ 1.0 1.0
1.24 1.2 1.2
T T 12 T T T S El T
200 15 -1 34 5 & 7 R L N

3
Temperature, °C

Salinity, %

Brine volume fraction, %
Brine salinity, %

Fig. 10. Profiles of temperature (lefe). salinity (center) as well as brine volume fraction and brine salinity (right, derived based on phase
relations according to Cox and Weeks, 1983} through the fast-ice sheet at the sampling site near Barrow in the Chukchi Sea (March 12,

1999).
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fluid inclusions cannot be arrived at in such a fash-
ion, however., The few observations of changes in
pore structure are either based on semi-gquantitative
microscopy (Assar, 1960) or measurements carried
out on larger populations of samples (Perovich and
Gow, 1996).

Here, we have studied changes in pore mi-
crostructure associated with a wanning from below
~21°C to —6°C throughout the same, undisturbed
ice sample volume. Samples had been obtained from
the coastal fast-ice cover in the eastern Chukchi Sea
near Barrow during the coldest weeks of the year
{Section 2.2). Temperatures were maintained at or
close to the in-situ temperature which approached
—20°C in the upper ice layers (Fig. 10) up to the
start of the MRI analysis. Salinity measurements and
microstructural studies performed on additional ice
cores obtained at the study site indicate the ice cover
1o consist of prototypical first-yvear columnar, conge-
lation-type sea ice with a C-shaped salinity profile

Table 5

{Figs. 10 and 11). which is in agreement with earlier
studies carried out at this location {Weeks and Gow.
1978; Cole and Shapiro, 1998). The MRI sample
was obtained from the cold. uppermost layers of
columnar ice. composed of smalter crystals and lack-
ing the preferred azimuthal alignment of crystallo-
graphic c-axes displaved at greater depths (Fig. i1).
Based on the salinity and temperature measurements.
the brine volume fraction in the upper layers of
columnar sea ice is approximately 20%c (Fig. 10,
derived according to Cox and Weeks. 1983). The
corresponding MRI data shown in Fig. 12 and Table
5 are in falr agreement with this bulk brine porosity.

The most interesting aspects of Fig. 12, however,
are the changes in pore microstructure associated
with a warming of the sample from - 2i°C to
—6°C. As is clearly evident, pores present at low
temperatures enlarge and join. while at the same time
new populations of pores appear in the image data
{see Table 3, pore number densities). The latter are

Thermal evolution of pore microstructural parameters as derived from MRI data for sample C8990312. 0.10- 0 0.13-m depth (bold numbers
in upper rows are mean values, standard deviation ndicated in jower rows)

T(°C)}  Vertical sections Hortzontal sections P Np oo bmm™%)  Np, {mm™ ")
amaj (mm) ami:‘; (mm) rma;imm ama] (M) amm {mm} rn%u]_-’:ﬂi"

Entire data set

~21 0.42 0.21 L.73 0.34 8.22 1.49 8.626 Q.78 0.93
0.47 0.10 1.10 0.19 0.09 .56

Top 10 percentile

=21 1.53 0.40 3.96 8.738 0.37 216
076 011 i.6l .23 0.10 087

Entire dara set

- 16 0.43 6.22 1.73 0.34 .23 1.46 0.827  @.62 1.08
0.52 0.10 1.18 0.22 &.10 0.57

Top 10 percentile

-10 1.66 0.40 4.20 0.81 0.39 219
0.33 0.10 1.89 0.33 0.190 0.88

Entire data set

-y 0.7 0.26 2.32 0.38 0.25 1.53 0.638 058 1.08
0.79 0.13 1.74 0.24 0.11 0.59

Top I0 percentile

] 2.62 0.45 6.16 0.92 42 232
1.06 .15 2.37 0.34 812 .84

@ype yint Major and minor axis of insenibed ellipse, r, : ratio between major and minor axis, P: porosity, Np . Np ... number

density of pores.
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incident light, is the slice thickness, which may be
larger than the characteristic pore dimension. Slice
thicknesses for MR1 data measured with the standard
gradient coils are generally larger than 1 mm (de-
pending on matrix size, FOV and available RF power)
and even a data set optimized for resolution is likely
to have slice thicknesses larger than 0.3 mm. This
introduces stereological effects (Underwood, 1970;
Eicken, 1993) that affect the apparent pore size and
to a lesser extent, for columnar sea ice, the apparent
shape of the inclusions,

The close spacing between individual slices. such
as a set of eight separated by approximately 4 mm
each for the samples shown in Figs. 8§ and 9, allows
an assessment of the spatial variability of pore vol-
ume and microstructure at a very small scale. The
standard deviation of the slice porosities varies be-
tween 7% and 12% for these two different samples
(Table 4), with maximum deviations of 20%. corre-
sponding to maximum bulk salinity differsnces of
approximately 1.4%o salinity. Microstructural size
parameters also exhibit standard deviations of 5-10%
between sets of horizontal or vertical slices, These
fluctuations are most likely associated with grain-
boundaries and other microstructural discontinuites
in the sample.

3.2, The thermal evolution of sea-ice pore space

In contrast with destructive imaging techniques
such as standard thin-section processing, MRI can
provide imagery of a larger sea-ice sample as it
undergoes temperature changes. Here, these changes
have beer. documented for a sample of columnar jce
maintained close to in-situ temperaturss after coring
and then warmed from —21°C to —6"C. As shown
in Fig. 12 and Table 5 and summarized in Fig. 13,
warnting was accompanied by significant microstruc-
tural changes, in particular between —10°C and
- 6°C. Concurrently, pore volumes increased by ap-
proximately 50%, which is in good agreement with
theoretical estimates based on the ice salinity and
thermodynamic phase relations (Fig. 13). As ex-
pected, based on earlier semi-quantitative observa-
tions on thin sections (Assur, 1960, Weeks and
Ackley, 1954} the vertical elongation of nores in-
creases as a result of warming, with the ratio be-
tween major and minor axis (inscribed ellipse)

entire
data set

D.E)é-]
‘3 10-Fiie
Foy i
z 0,94—1
£ | dmin
700z (= 0.5 mm
amaj
0004 = 1.0 mm

H T T H
=20 -15 -1a -5
Temperature, "C

Fig. 13. Thermal evolution of fiuid inclusions for Chukchi Sea ice
sample (C5990312, 0.13- 10 0.16-m depth. see Fig. 10 for profile
properties and Fig. 11 for thin-section images) based on MR] data.
The relative proportions of the major and minor pore axis dimen-
sions are shown for the entire data set and the upper 10-percentiie
(scale shown at right). The solid line denotes the increase in brine
porosity based on sample bulk salinity and phase relations.

Tengs/min 10CTE@SING from 4 to more than 6 for the
upper 10-percentile of pores in a sample. During the
same temperature interval, r ... increased by less
than 10% to 2.3% for the upper 10-percentile in
horizontal MRI slices. Based on the mean parame-
ters, the aspect ratios of brine inclusions in three
dimensions (vertical, horizontal parallel to crystal
basal layer. horizontal perpendicular to basaj iaver)
have thus been observed to increase from 1.9:1.5:1
to 2.8:1.5:1 for the entire pore population and from
4.1:2.0:1 10 6.2:2.2:1 for the upper 10-percentile.
With increasing size, pores have been observed to
merge and coalesce (Fig, 14). Whiie this circum-
stance is also reflected in a decrease in the number
density of pores N in vertical MRI slices, the
appearance of new populations of small pores in the
image data has diminished the overall magnitude of
this effect. Fig. 14 illustrates the problem and also
shows that the assessment of pore morphology (e.g.,
Fraj min) 1S 1O sOme extent compromised as well.
Thus, the merging of four apparently isolated pores
into a large, tubular inclusion in the center is accom-
panied by the “appearance” of new pores to the right
and above this major feature. The latter are responsi-
ble for an increase in N, for this small sub-scene. In
the horizontal MRI slices. this process is believed to
be responsible for the slight increase observed for
Np o, WILE increasing temperature {Table 5). A simi-
lar, and upon first reflection counter-intuitive trend
was feported by Perovich and Gow (1996) in their
analysis of thin-section images of warming ice sam-



Finally, the issue of resolution also affects inter-
pretation of MRI data in the context of pore connec-
tivity and fluid transport. Thus, the interpretation: of
the merging of individual pores discussed above and
shown in Fig. 14 only applies to pore connections
visible at the smallest scale resolved in the data set.
At sub-pixel scales, the set of pores barely dis-
cernible at ~21°C in Fig. 14 may already have been
linked through smaller-scale vein networks. Given
some of the limitations of both MRI and ordinary
thin-section analysis, we suspect that only true mi-
croscopic analysis may provide deeper insight into
this problem. The relevance of this question far
exceeds the merely technical aspects of microstruc-
tural analysis, however. While the finding that pores
are preferentially elongating and in particular merg-
ing in the vertical direction is compatible with classi-
cal sea-ice pore microstructural models, all of which
are essentially variants of the one described by Assur
(1960} and Weeks and Ackley {1986). the physical
mechanism for the preferential efongation is not
completely resolved. Under namral conditions and
for larger pores, convective processes are likely to
enhance enlargement of pores in the vertical direc-
tion (Niedrauer and Martin, 1979; Wettlaufer, 1998),
To a lesser extent, migration of inclusions in a
temperature gradient may also favour elongation of
pores. The warming experiment in this study was
conducted in the absence of macroscopic tempera-
ture gradients, however, with both the top and the
bottom of the sample maintained at the same temper-
ature (Fig. 1). The anisotropy in the ice lattice
structure and the corresponding differences in free
surface energy parallel and pormal to the crystal
c-axis can only explain significant shape anisotropy
in the kinetically controlled regime of phase change,
such as during the growth phase of sea ice (Weeks
and Ackley, 1986; Wettlaufer, 1998). The equilib-
rium shape of brine inclusions, on the other hand. is
dominated by the temperature-entropy term in the
equation of state and hence, less susceptible to crys-
tailographic lattice anisotropy.

This leaves another explanation that centers on
the possibility that the presence of impurities in
liquid or quasi-liquid form, in particular along grain
and sub-grain boundaries, may be sufficient to foster
invasion of these impurity-rich zones by brine during
warming of the sample. If such proto-inclusions were
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to persist at lower temperatures they would provide
pathways (possibly on a sub-pixel scale in the con-
text of this MRI study) for an influx of brine upon
warming to higher temperatures. In this context. the
present work can oaly be the first step in elucidating
the linkages between impurity content, microstruc-
ture and fluid flow in sea ice. MRI methods. in
particular in conjunction with optical microscopy,
appear to hold great promise in providing deeper
insight into the thermal evolution of sea-ice fluid
inclusions,

6. Summary and conclusions

MR imaging has been successfully applied to the
high-resolution study of brine inclusions in sea ice.
Sampies were maintained at temperatures between
—2°C and —25°C with the help of a flow-through
cooling unit. At field gradients of 30 mT m™', the
dielectric propertes of brine with high loss factors at
frequencies of few hundred MHz resulted in a signif-
icant degradation of the signal, heating of the sample
due to high RF power and reduced image resolution
(pixel sizes > 0.2 mm. slice thicknesses > 1 mm).
These resolution problems, which had been encoun-
tered in earlier work. were overcome through the use
of decane as a contrast agent and operation at higher
gradients.

Analysis of MRI data of different types of artfi-
cial sea ice grown under controlled conditions in an
environmenial test basin and comparison with con-
ventional thin-section image analysis indicates good
to very good agreement between the two methods.
Under optimal conditions, MRI data can be consid-
ered equivalent or superior to thin-section data at a
comparable resolution {<{.1-mm pixel size, slice
thickness < 0.4 mm). Moreover, development of a
segmemation technigue based on the liguid fraction
within each volume element allows for physically
based, reliable discrimination between pores and ice
matrix in the daia sets.

Analysis of ice samples grown at zero and high
under-ice current speeds reveal distinct differences in
pore microstructure as a function of current speed.
The lamellar microstructure of brine inclusions evi-
dent at zerc current speeds is much less pronounced
at current speeds of 0.16 m s~ ', with a correspond-
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Abstract

Microstructure and thermal evolution of sea-ice brine inclusions were investigated with magneiic resonance imaging
{MRI)} techniques. Ice samples were kept at temperatures between — 2°C and — 25°C during 'H imaging in a 4.7-T magnet
at 200 MHz. Measurements were compteted in a 20-cm diameter cylindrical probe and actively shielded gradient coils (max.
50 mT m™', pixel dimensions > 0.2 mm, slice thicknesses > 1 mm), and for higher resolution in a mini-imaging unit with
a 9-cm diameter probe with gradient coils of 200 mT m™’ (pixel dimensions < 0.1 mm, slice thickness < 0.4 mm),
Absorption of radio-frequency {RF) signals in the dielectrically lossy brine resulted in degraded signals and was alleviated
by use of a contrast agent {decane). MRI data and sea-ice thin section images agree very well {< 5% deviation for pore
microstructural parameters). Analysis of ice grown under different current speeds indicates that pores are smaller and pore
number densities larger at higher cumrent speeds. The thermal evolution of fluid inclusions was studied on cold first-year ice
samples, maintained at close to in-situ temperatures prior 1o experiments, Warming from ~21°C to —10°C to —6°C is
associated with a distinct increase in pore size (from 1.5 to 1.7 0 2.6 mm for the upper 10-percentile in the vertical) and
elongation (4.0 10 4.2 10 6.2 for ratic of major to minor pore axes in the vertical) and a decrease in number densities (0.75 to
0.62 to0 0.58 mm ™" in the vertical). Aspect ratios increased from 4:2:1 to 6:2:1 {upper 10-percentile). indicating expansion
and merging of pores in the vertical, possibly promoted by microscopic residual brine inclusions. © 2000 Elsevier Science
B.V. All rights reserved.

Kevwords: Ses ice; Nuclear magnetic resonance; Pore structure: Crystal growth: Chukehi Sea; Image analysis

1. Introduction

Sea ice is distinct from other types of ice present
at the earth’s surface owing o the ublguitous occur-
rence of sub-millimeter to decimeter-sized inclusions

" Corresponding author. Fax: +1-907-474-7260.
E-mail address: hajo.eicken @gi.alaska.edu (H. Eicken).

of Hguid brine (Weeks and Ackley, 1986; Weeks,
1998; Wettlaufer, 1998). These inclusions strongly
affect radiative and heat transfer through the ice
{Perovich, 1998; Weeks, 1998) and they control the
electromagnetic properties of sea ice (Hallikainen
and Winebrenner, 1992; Golden et al.,, 1998a,b). As
the brine seeks to maintain thermodynamic equilib-
rium with the ice matrix, the morphology and size of
the inclusions depends strongly on the salinity and

0165-232X /00 /5 - see front matter © 2008 Elsevier Science B.V. All rights reserved.
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have been maintained at the in-situ temperature after
sampling. The ice samples originate both from ice-
tank experiments devoted o the study of microstruc-
tural evolution {(Eicken et al., 1998} as well as from
coastal sea ice obtained at Barrow in northern Alaska.
Apart from 2 discussion of methodological aspects,
the evolution of pore microstructure will receive
particular attention in the context of ice permeability
and fluid transport at lower temperatures {Golden et
al., 1998ab; Freitag, 1999), as the present contribu-
tion is part of a study devoted to fluid transport and
its importance for survival of microorganisms within
sea-ice pores at low temperatures (Eickss et al.,
1999; Deming and Huston, in press; Junge et al., in
press).

2, Metheds

2.1. Principles and instrumentation of MRI

The detection of water within a multi-phase sys-
tem with nuclear magnetic resonance (NMR} tech-
niques is a well-established technique and among
other topics has also been applied to problems in
sea-ice research to study the thermal evolution of the
brine fraction in sea ice (Richardson and Keller,
1966; Richardson, 1976; Melnichenko et al., 1979),
MRI is based on the principle that the resonance
frequency depends on the position of a nucleus in a
magnetic field gradient (Wehrli, 1988; Caliaghan,
1991). The frequency spectrum obtained over a sam-
ple volume can then be decomposed into individual
frequencies (comtaining information about the x—y
position) and amplitudes (containing information
about the spin, or in the case of 'H. proton density).
Image acquisition and in particular the spatial resoju-
tion are determined by the timing and characteristics
of the RF pulses as well as the magnitude of the field
gradient across the sample volume.

The present study has been carried out in a Bruker
Biospec 47 /40 imaging spectrometer (Bruker, Et-
tlingen, Germany), at 4.7 T (Larmor frequency for
'H = 200 MHz) equipped with actively shielded gra-
dient coils providing field gradients of 50 mT m ™"
and a mini-imaging unit with gradient field strength
of up to 200 mT m™'. Cylindrical probes adapted to

high-conductivity samples were used for RF signal
transmission and detection (20- and 9-cm diameter.
respectively). Image acquisition was mostly confined
o a spin—echo method (muiti-slice multi-echo.
MSME, matrix size up to 1024 X 512, field-of-view
(FOV) up to 12X 12 cm (standard imaging. S) or
6 % 6 cm (mini imaging. M), slice thickness down to
1.2 mm (8) or 0.3 mm (M), slice separation down to
5 mm (S) or 2 mm (M), with sinc3 RF pulses of
3000-ps duration) or a gradient-echo method
(FLASH, flip angle 22.5% sinc3 of 3000 us) with
typical echo times TE of 17.5 ms for MSME and 5
ms for FLASH. Repetition time TR was on the order
of 360-2000 ms for MSME and 400-500 ms for
FLASH. Typically, measurements for individual
samples lasted between 4 and 12 h, averaging over
up to eight samples in order to increase the signal-
t0-noise ratio (SNKJ.

2.2. Sampies and sample prep:ration

In order to optimize MRI system performance and
to develop and improve upon methods of MRI data
analysis, a first set of measurements was carred out
on artificial sea ice grown under fully controlled
environmental conditions. These samples originated
from ice-growth experiments in the Environmental
Arctic Test Basin (EATB) of the Hamburgische
Schiffbauversuchsunstalt in 1996 and 1997 (IN-
TERICE 1, Eicken =: al., 199%: in a basin of dimen-
sions 30X 6 X 1.2 m, a congelation-type sea-ice
sheet was grown from artificial seawater, prepared
by dissolving Aquarium Systems “Instant Ocean”
artificial seasalt in tapwater, to between 0.15- and
0.2-m thickness (for details, see Eicken et al., 1998).
The resulting ice is representative of new ice grown
under natural conditions and exhibits the same inven-
tory of small- and large-scale pore features (Cottier
et al., 1999; Eicken et al., in preparation).

Samples for the studies of sea-ice thermal evolu-
tion were obtained in March 1999 from the fast-ice
cover near Barrow (sampling location at 71°19.95' N
156°40.55'W), on the northern coast of Alaska. Nu-
merous studies of the ice cover at this location have
shown it to be representative of homogeneous first-
vear, undeformed Arctic congelation-type sea ice
(Weeks and Gow, 1978; Cole and Shapiro, 1998). At
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physical properties and microstructure of the sample.
Given the lack of sea-ice MRI work, a first step in
the present study consisted of an optimization of the
instrumental parameters. Analysis of ice samples
immersed in brine at the respective in-situ fempera-
tures established that the SNR of gradient-echo
FLASH images was poor, most likely due to RF loss
in the brine, and that the images showed artifacts due
10 susceptibility changes within the ice matrix (re-
sulting from air bubbles, brine—ice transitions, eddy
currents). Spin—echo images yielded results that were
not severely compromised by artifacts due to eddy
currents induced in the brine layer surrounding the
sample (5- to 10-mm thick, see bottom of Fig. 2).

Air above sample

Brine channel

Ice matrix

. I A S e
3 e
Brine at base of sample —

Fig. 2. MRI cross-section through layer of anificial sea ice
{sample H261219Q, 4.07- to 0.14-m depth, slice thickness 1.5
mm, pixel size 0.4 X 0.4 mm) recorded in immersion of anificial
brine at —2°C with a spin—echo method (MSME} Note that here
and in all subsequent images, MR and thin-section scenes are
shown as inverted contrast images (pores appearing dark). While
the brine channel in the center is well discernible, very few pore
features can be identified in the ice matrix, as is evideat from the
subregion in the upper right that has been subjected 10 a linear
histogram transform to enhance the contrast in the ice matrix.

However, due to the higher RF power input (90"~
180° flip angles) in comparisen to FLASH, the probe
was heating up af in-situ temperatures, COmpromis-
mg long-term image sampling. As apparent from the
vertical cross-section through a new-ice cover shown
in Fig. 2, the structure of brine channels and other
farger pore features is weil-resolved. This includes
the upper lavers of the sample where the channel is
widened and to some extent branched oul. As shown
by the contrast-enhanced inset in Fig. 2, there is no
discernible difference in the signal between ice ma-
trix and overlying air. At a pixel size of approxi-
mately 0.4 mm and 2 slice thickness of 1.5 mm,
smaller brine inclusions are not distinguishable within
the ice matrix.

While the resolution of the imaging system as
defined by the size of the volume elements (voxels)
may not allow for direct discrimination of small-scale
pores. it can still be feasible to derive the fraction of
such fiuid inclusions based on the signal strength
integrated over a larger sampie sub-volume. Based
on Callaghan (1991), the SNR for a signal induced in
the receiver coils of radius r during resonance at
frequency f; and for a frequency bandwidth A/ is
directly proportional to the volume fraction N, of
protons {in this case 'H in the brine) in a subvolume
V, such that

1 774

p st
SNR = K~ (1)

with constant K = 1.2 1077 s%% m~? based on
instrument parameters and assuming solenoidal coils
at room temperature. For a voxel volume of (0.4
mm)" and parameters characteristic of the Bruker
system emploved in this study, SNR is roughly 100
in order of magnitude, with values decreasing to
below 10 as higher resolutions are approached. In
solids, the signal 1s broadened cover a wider reso-
nance frequency band. In combination with shorter
relaxation times this allows for a direct discrimina-
tion between brine and ice, with the signal for pure
ice and air being close to indistinguishable (Fig. 2,
Table 1) Disregarding the submicroscopic effects on
the relaxation of 'H along phase boundaries, the
liquid fraction £, in a given sample volume with a
signal of magnitude S can be derived through a set
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Fig. 3, Comparison of pore microstructure between horizonial thin-section image (2} and MRI data (b) of the same sea-ice sampie
(H961219Q, 0.05-m depth). Pores appear dark in both images, with both larger secondary brine channels and pockets as w=i as smaller
brine layers discernible. Pore-free areas along margin of upper half of thin-section sample are artifacts due to sample processing {(see Table 2

for further details on image acquisition and data).

ton density as well as its immiscibility with water. In
this way, spin—echo imagmg could be performed
with greater matrix sizes to increase resolution, more
adequate and shorter pulses resulting in thinner slice
thicknesses, and a larger number of signal averages
to increase SNR. At the same time, RF heating was
significantly reduced due to better probe matching
and reduction in eddy cumrents, allowing for longer
measurement periods. Fig. 3 demonstrates that sam-
ples saturated with decane resulted in a significant
improvement of image quality. Moreover, increased
signal strength allowed for a reduction in the lnear
voxel dimensions by more than half {see instrument
parameters shown in Table 2). Thus, in a standard
mode of operation with a field gradient of 50 mT

Table 2
Comparison between thin-section image and MRI data (sample
H961219Q, 0.05-m depth, low-resolution standard gradient coils,
see Fig. 1)

Parameter Thin section MRI data
data
Mean+ o Mean+ o
Pixei size (horizoatal), mm 0.18 0.21
Slice thickness (vertical), mm < (.05 1.26
Porosity 0.187 0.176
Pore area, mm” 0.76+3.40 .10+ 430
Pore perimeter, mm 3344740 397 +%.60
Pore major axis. mm 1.06+1.23 Li9+i44
Pore minor axis, mm 045+ 0.44 0.358+11.56

m~' in the 20-cm-diameter resonator, the method

appears to sufficiently resolve both larger-scale pores
such as brine channels as well as the sub-millimeter
brine layers characteristic of columnar sea ice (Fig.
3.

3.2. Segmentation of MR] data

Quantitative microstructural analysis requires the
segmentation of MRI data into solid ice and fluid
inclusions. In the case of MRI this can be ap-
proached in a rigorous fashion, given that the signal
is proportional to the total number of liquid-phase
protons in a given sub-volume. Hence, the signal
associaied with the pure end wber components S,
and S, (ice and brine or decanv can be employed to
constrain Eq. {2) and allow for the dérivation of the
liquid volume fraction (i.e., porosity} of individual
volume elements. S, and S, can be derived either
mangaily through measurement over a test volume or
from a sample histogram such as the one shown in
Fig. 4. With the liquid volume fraction computed
from the signal of each individual voxel according to
Eq. (2), the segmentation criterion can be based on a
simple fracticnal-volume threshold, with all voxels
corresponding to a liquid volume fraction f, < 0.5
classified as ice and all those with f, > 0.5 as pores.
The classification error due to a finite SNR can then
be derived from the FOV and the number of samples
averaged for each data set (see Section 5.1).




H. Eicken et al. / Cold Regions Science and Technology 3] (2000} 207225 213

Fig. 6. Comparison of pore microstructure between horizontal thin-section image (a) — averaged over three serial sections spaced 0.2 mm
apart — and MRI data recorded with the mii-imaging unit (b} of the same sea-ice sample (H970128Q. 0.15-m depth). Pores appear dark in
both images, with system of subparaliel brine iayers clearty discernible {see Table 3 for further details on image acquisition and pore-size

data).

Ackley, 1986). With an FOV extending over close to
100 mm, a pixel resolution of around 0.2 mm and a
slice thickness of > 1 mm (Table 2), imaging in a
field gradient of 50 mT m™! is ideal for studies of
pore macrostructure in a larger sample volume (Figs,
2 and 3), but proved only marginally effective at
properly resolving the sub-millimeter pore structure.
This is also borne out by the mismatch apparent
between thin-section and MRI data at smaller pore
sizes in Fig. 5.

A significant increase in resolution and data qual-
ity has been achieved, however, by imaging in higher
field gradients of up to 200 mT m™ . In combination
with the cooling chamber, this system allows for the

Tabie 3

Comparison between thin-section image and MRI data {sample
H970128Q, 0.15-m depth, high-resolution, 200 mT m~ ' gradient
coils, see Fig, 6}

Parameter Thin section MRI] data
data
Mean + o Mean+ ¢
Pixel size (rorizongal), mm .08 0.09
Slice thickness (vertical}, mm < {.05 04
Porosity 0.173 0.181
Pore arez, mm” 0324131 0.28+0.66
Pore perimeter, mm 292+ 580 2724393
Pore major axis, mm 0.87+0.90 0.85+082
Pore minor axis, mm 3.3040.23 02940722

analysis of samples with approximate dimensions
30 X 30 X 60 mm. comparable 1o high-resolution im-
age analysis of thin sections. While the smaller FOV
reduces the SNR. this can be compensated for by
tonger integration times. Smaller sample sizes also
reduce the amount of attenuation of the RF signal

1.0+ —— Thin section
0.8 -~ MRI
v 0.6+
5
< 04
0.2 4
G0 g ; ; a
T T T T t ¥ T
3 -2 i 0 1 2 3
Lag(y). mm
—— Thin section|
weeee MRI
&

e b

T '

1 I H - F 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pore area, ma

Fig. 7. Comparison of microstructural parameters for thin-section
and MRI images shown in Fig. 6 (sample H97G128Q. 0.15-m
depth). Vertical cross-section through 2-D acf (Fig. 7a) and
pore-size distribution based on cross-sectional pore area (Fig. 7b).
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Table 4

Comparison between MRI data (horizental and vertical sections) for ice grown at different under-ice current speeds (high-resolution imaging
at 200 mT m~", see Figs. § and 9: mean and standard deviation for mean values of cight individual sections per sample are shown)

H861219C. 0.08 m

Parameter H9701280Q. 0.15 m
Horizonal Vertical Horizontal Vertical

Current velocity, ms™! 0.00 0.60 0.6 0.18
Porosity 021 +0.01 0.20 + 0,02 .11 +0.0 0.11 001
Pore area. mm” 0.27 + 0.03 0.43 + (.10 0.14 £ 0.02 0.25 + 6.04
Pore perimeter. mm 266+026 2.94 + 047 143 +0.1% 185 +0.15
Pore major axis a,,,, mm 0.83 + 0.06 0.87 £ 0.13 0.50 + 003 0.68 +0.03
Pore munor axis ¢, ,. mm 0.30 £ 0.02 0.30 + 0.03 0.24 + 0.0 0.25 +0.01

tions with an under-ice current speed of approxi-
mately 0.16 = +~'. These measurements are moti-
vated by the isxck of data and understanding of the
microstructural evolution of sea ice in different hy-
drodynamic regimes in particular as it relates to pore
structure and ice properties. Changes in the mi-
crostructural evolution are forced by variability in
the thickness and structure of the laminar boundary
layer, on the order of a few millimeters thick, ahead
of the advancing ice~water interface (Weeks and
Ackley, 1986; Wettlaufer, 1998). The MRI data pre-
semted here are complementary {0 a more detailed
study of the evolution of pore space as a function of
under-ice current speed based mostly on horizontal
thin-section data by Eicken et al. (in preparation).

A comparison between the image data shown for
an ice cover grown at zero current (Fig. 8) and at an
under-ice cusrent speed of approximately 0.16 m s ™'
(Fig. 9), in the upper range of natural conditions
(McPhee, 1990), demonstrates strong contrasts 1n
microstructure. For ice affected by a current of this
magnitude. the grain substructure with parallel or
sub-parallel brine layers separated by orderly arrays
of ice lamellae (Fig. 8a) breaks down into smaller
disjoint pores of more isometric cross-section (Fig.
9a). In the vertical plane (Figs. 8b and 9b), this
structural change is just as pronounced with the
parallel brine layer arrays replaced by shorter (Fig.
9¢). less well-ordered brine tubes. Such changes
evident in the MRI scenes are refiected in the pore-
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Fig. 10. Profiles of temperature (left). salinity (center) as well as brine volume fraction and brine sakinity (right, derived based on phase
relations according to Cox and Weeks, 1983} through the fast-ice sheet at the sampling site near Barrow in the Chukchi Sea {(March 12,

1999).
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fluid inclusions cannot be arrived at in such a fash-
ion, however. The few observations of changes in
pore structure are either based on semi-quantitative
microscopy (Assur, 1960) or measurements carried
out on larger populations of samples (Perovich and
Gow, 1996).

Here, we have studied changes in pore mi-
crostructure associated with a warming from below
~21°C to —6°C throughout the same, undisturbed
ice sample volume, Samples had been obtained from
the coastal fast-ice cover in the eastern Chukchi Sea
near Barrow during the coldest weeks of the year
{Section 2.2). Temperatures were maintained at or
close to the in-situ temperature which approached
—20°C in the upper ice layers (Fig. 10) up to the
start of the MR1 analysis. Salinity measurements and
microstructural studies performed on additional ice
cores obtained at the study site indicate the ice cover
to consist of prototypical first-year columnar. conge-
lation-type sea ice with a C-shaped salinity profile

Table 5

(Figs. 10 and 11), which is in agreement with earlier
studies carried out at this location {Weeks and Gow,
1978 Cole and Shapiro, 1998). The MRI sampic
was cbtained from the cold. uppermost lavers of
columnar ice, composed of smaller erystals and lack-
ing the preferred azimuthal alignment of crystallo-
graphic c-axes displayed at greater depths (Fig. 11).
Based on the salinity and temperature measurements.
the brine volume fraction in the upper lavers of
columnar sea ice is approximately 20%c (Fig. 10.
derived according to Cox and Weeks, 1983} The
corresponding MRI data shown in Fig. 12 and Table
5 are in fair agreement with this bulk brine porosity.

The most interesting aspects of Fig. 12, however,
are the changes in pore microstructure associated
with a warming of the sample from —21°C to
—-6°C. As is clearly evident, pores present at low
temperatures enlarge and join. while at the same time
new populations of pores appear in the image data
{see Table 3, pore number densities). The latter are

Thermal evelution of pore microstructural parameters as derived from MRI data for sample C8990312. 0.10- to 9.13-m depth {(bold numbers
in upper rows are mean values, standard deviation indicated in lower rows)

T{°C)  Vertical sections Horizontal sections P Ne oo tmm™*) A, (mm™)
amaj (M} Trin {ITHI'I) rmug/rmr: ama| {M) i '\mm) 'rmaj_,' L)

Entire data ser

=21 0.42 0.21 173 .34 0.22 149 6.026 @75 4.95
0.47 0.10 110 0.19 0.09 G.56

Top 1 percentile

=21 1.53 0.40 3.96 0.7 06.37 2.16
0.70 0.11 161 0.23 0.10 0.87

Entire data set

-H 0.43 0.22 1.73 0.34 23 1.46 6.027  0.62 1.65
0.52 0.10 1.18 0.22 010 0.57

Top 10 percentite

-10 1.66 0.40 4.20 0.81 0.39 219
0.83 .10 1.89 .33 0.10 (.88

Entire data set

-6 0.70 0.26 2.32 0.38 0.25 1.53 0.038  0.58 1.08
a.79 0.13 1.74 0.24 0.1} 0.59

Top 10 percentile

-6 2.62 645 6.16 0.92 0.42 2.32
1.06 G.15 2.37 0.34 .12 0.84

Ao G TajOT and minor axis of inscribed eflipse, rog, mi ratio between major and minor axis. P: porosity. Np .. Npy,,: number

density of pores.



incident light, is the slice thickness, which may be
larger than the characteristic pore dimension. Slice
thicknesses for MRI data measured with the standard
gradient coils are generally larger than 1 mm (de-
pending on matrix size, FOV and available RF power)
and even a data set optirnized for resolution is likely
to have slice thicknesses larger than 0.3 mm. This
introduces stereological effects (Underwood, 1970
Eicken, 1993) that affect the apparent pore size and
to a lesser extent, for columnar sea ice, the apparent
shape of the inclusions,

The close spacing between individual slices, such
as a set of eight separated by approximately 4 mm
each for the samples shown in Figs. 8 and 9, allows
an assessment of the spatial variability of pore vol-
ume and microstructure at a very small scale. The
standard deviation of the slice porosities varies be-
tween 7% and 12% for these two different samples
{Table 4), with maximum deviations of 20%, corre-
sponding to maximum bulk salinity differences of
approximately 1.4%c salinity. Microstructural size
parameters also exhibit standard deviations of 5-10%
between sets of horizontal or vertical slices. These
fluctuations are most likely associated with grain-
boundaries and other microstructural discontinuities
in the sample.

5.2, The thermal evolution of sea-ice pore space

In contrast with destructive imaging technigues
such as standard thin-section processing. MRI can
provide imagery of a larger sea-ice sample as it
undergoes temperature changes. Here, these changes
have beer. documented for a sample of columnar ice
maintained close to in-situ temperatures after coring
and then warmed from —21°C to —6°C. As shown
in Fig. 12 and Table 5 and summarized in Fig. 13,
warming was accompanied by significant microstruc-
tural changes, in particular between —10°C and
- 6°C. Concurrently, pore volumes increased by ap-
proximately 50%, which is in good agreement with
theoretical estimates based on the ice salinity and
thermodynamic phase relations (Fig. 13). As ex-
pected, based on earlier semi-guantitative observa-
tions on thin sections {(Assur, 1960, Weeks and
Ackley, 1986), the vertical elongation of pores in-
creases as a result of warming, with the ratio be-
tween major and rminor axis (inscribed ellipse)
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Fig. 13. Thermal evolution of fluid inclusions for Chukchi Sea ice
sample (C8990312, 0.13- 1o 0.16-m depth. see Fiz. 10 for profile
properties and Fig. 11 for thin-section images) based on MRI data.
The relative proportions of the major and minor pore axis dimen-
sions are shown for the entire data set and the upper 10-percentile
{scale shown at right). The solid line denotes the increase in brine
porosity based on sample bulk salinniy and phase relations.

Pmaj/min CTEASIRG from 4 to more than 6 for the
upper 10-percentile of pores in a sample. During the
same temperature interval, r_ ... increased by less
than 10% to 2.3% for the upper 10-percentile in
horizontal MRI slices. Based on the mean parame-
ters, the aspect ratios of brine inclusions in three
dimensions {vertical, horizontal parallel to crystal
basal layer, horizontal perpendicular to basal jayer)
have thus been observed to increase from 1.9:1.5:1
to 2.8:1.5:1 for the entire pore population and from
4.1:2.0:1 10 6.2:2.2:1 for the upper 10-percentile.
With increasing size, pores have been observed to
merge and coalesce (Fig. 14). While this circum-
stance is also reflected in a decrease in the number
density of pores N, in vertical MRI slices, the
appearance of new populations of small pores in the
image data has diminished the overall magnitude of
this effect. Fig. 14 illustrates the problem and also
shows that the assessment of pore morphology (e.g.,
T ymin) 1S 1O some extent compromised as well.
Thus, the merging of four apparently isolated pores
into a large, tubular inciusion in the center is accom-
panied by the “appearance” of new pores to the right
and above this major feature. The latter are responsi-
ble for an increase in N, for this small sub-scene. In
the horizontal MRI slices, this process is believed to
be responsible for the slight increase observed for
Np o With increasing temperature (Table 5). A simi-
lar, and upon first reflection counter-intuitive trend
was reported by Perovich and Gow (1996) in their
analysis of thin-section images of warming ice sam-



Finally, the issue of resolution also affects inter-
pretation of MRI data in the context of pore connec-
tivity and fluid transport. Thus, the interpretation of
the merging of individual pores discussed above and
shown in Fig. 14 only applies to pore connections
visible at the smallest scale resolved in the data set.
At sub-pixel scales, the set of pores barely dis-
cernible at ~21°C in Fig. 14 may already have been
linked through smaller-scale vein networks. Given
some of the limitations of both MRI and ordinary
thin-section analysis, we suspect that only true mi-
croscopic analysis may provide deeper insight into
this problem. The relevance of this guestion far
exceeds the merely technical aspects of microstruc-
tural analysis, however. While the finding that pores
are preferentially elongating and in particular merg-
ing in the vertical direction is compatible with classi-
cal sea-ice pore microstructural models, all of which
are essentially variants of the one described by Assur
(1960} and Weeks and Ackley (1986). the physical
mechanism for the preferential elongation is not
completely resolved. Under natural conditions and
for larger pores, convective processes are likely to
enhance enlargement of pores in the vertical direc-
tion (Niedrauer and Martin, 1979; Wettlaufer, 1998).
To a lesser extent, migration of inclusions in a
temperature gradient may also favour elongation of
pores. The warming experiment in this study was
conducted in the absence of macroscopic tempera-
ture gradients, however, with both the top and the
bottom of the sample maintained at the same temper-
ature {Fig. 1). The anisotropy in the ice lattice
structure and the corresponding differences in free
surface energy parallel and normial to the crystal
c-axis can only explain significant shape anisotropy
in the kinetically controlled regime of phase change,
such as during the growth phase of sea ice (Weeks
and Ackley, 1986; Wettlaufer, 1998). The equilib-
rium shape of brine inclusions, on the other hand, is
dominated by the temperature-entropy term in the
equation of state and hence, less susceptible to crys-
tallographic lattice anisotropy.

This leaves another explanation that centers on
the possibility that the presence of impurities in
liquid or quasi-liquid form, in particular along grain
and sub-grain boundaries, may be sufficient to foster
invasion of these impurity-rich zones by brine during
warming of the sample. If such proto-inclusions were
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to persist at lower temperatures they would provide
pathways (possibly on a sub-pixel scale in the con-
text of this MRI study) for an influx of brine upon
warming to higher temperatures. In this context, the
present work can only be the first step in elucidating
the linkages between impurity content, microstruc-
ture and fluid flow in sea ice. MRI methods. in
particular in conjunction with optical microscopy.
appear to hold great promise i providing deeper
insight into the thermal evolution of sea-ice fluid
inclusions.

6. Summary and conclusions

MR imaging has been successfully applied to the
high-resolution study of brine inclusions in sea ice.
Samples were maintained at temperatures between
~2°C and —23°C with the help of a flow-through
cooling unit. At field gradients of 50 mT m™', the
dielectric properties of brine with high loss factors at
frequencies of few hundred MHz resulted in a signif-
icant degradation of the signal, heating of the sample
due to high RF power and reduced image resolution
(pixel sizes > 0.2 mm, slice thicknesses > 1 mm).
These resolution problems, which had been encoun-
tered in earlier work, were overcome through the use
of decane as a contrast agent and operation at higher
gradients.

Analysis of MRI data of different types of artifi-
cial sea ice grown under controlled conditions in an
environmental test basin and comparison with con-
ventional thin-section image analysis indicates good
to very good agreement between the two methods.
Under optimal conditions, MRI data can be consid-
ered equivalent or superior te thin-section data at a
comparable resolution (< 0.1-mm pixel size, slice
thickness < 0.4 mm). Moreover, development of a
segmentation technique based on the liguid fraction
within each volume element allows for physically
based, reliable discrimination between pores and ice
matrix in the data sets.

Analysis of ice samples grown at zero and high
under-ice current speeds reveal distinct differences in
pore microstructure as a function of current speed.
The lamellar microstructure of brine inclusions evi-
dent at zero current speeds is much less pronounced
at current speeds of 0.16 m s™', with a correspond-
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