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ABSTRACT

Over extensive areas of the Arctic and Antarctic,
the c-axes of the grains in a sea-ice sheet develop a
preferred orientation in a particular direction in
the horizontal plane, causing the physical and elec-
tromagnetic properties of the material to be aniso-
tropic. A number of mechanisms have been proposed for
this alignment, the more likely including the tilting
of floes, horizontal temperature gradient, horizontal
deviatoric stresses, and oceanic currents. Laboratory
experiments have been performed at the Scott Polar
Research Institute to distinguish the effects of
these mechanisms on the fabric of sea ice. No corre-
lation was found between the development of the pre-
ferred orientation of c-axes and any of the first
three mechanisms. However, in the presence of a
current, the strength of the alignment increases
rapidly with depth in the ice, the mean c-axis direc-
tion coinciding with the current direction. A signif-
icant reduction in alignment was produced when the
flow was reduced to zero. In addition, upstream
deflection of the columnar axis was observed in
flowing brine. These results indicate the importance
of fluid motion in controlling the rate of transport
of solute from the interface and hence the relative
growth rates of grains of different orientations.

1. INTRODUCTION

When sea-water freezes, salt is rejected at the
ice/water interface and diffuses into the liquid more
slowly than the diffusion of heat to the interface.
This causes the brine immediately ahead of the inter-
face to be at a temperature below its equilibrium
freezing temperature, a state which is called con-
stitutional supercooling. Thus, any protrusion on the
interface will find itself in supercooled brine and a
regular array of elongated cells will develop. The
spacing between the tips of these cells is a function
of the growth parameters and is typically of the
order of 0.5 mm, while the depth of the groove be-
tween the cells is one or two orders of magnitude
greater. At the root of the intercellular groove,
pockets of brine form and the resulting sea ice is a
laminate of pure ice platelets separated by pockets
of brine (see Fig.6(a)).

The shape of the cells is crystallographically
controlled, the c-axis being normal to the direction
of elongation. In addition, it has been observed that,
over areas of hundreds of square kilometres, the
c-axes of the grains not only lie in the horizontal
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plane, but also align in a particular direction in
that plane (Peyton 1966, Cherepanov 1971, Weeks and
Gow 1978, 1980). This means that there will be a
regular inclusion of the 1iquid phase in sea ice and
the physical properties will therefore be anisotropic.
Peyton (1966), for example, found that the compress-
ive strength of this aligned ice was dependent on the
angle between the mean c-axis direction and the axis
of compression. Furthermore, impulse radar studies
(Campbell and Orange 1974, Kovacs and Morey 1979,
Golden and Ackley 1980) have shown that there is an
anisotropy in the dielectric properties of sea ice
which is also related to the mean c-axis direction.
It is therefore of interest to discover the mechanism
which aligns the rows of brine pockets and hence the
crystallographic c-axes. Suggestions have included
small horizontal temperature gradients, tilting of
floes (Schwarzacher 1959), horizontally-oriented
deviatoric stresses (Paige 1966, Peyton 1966), align-
ment in the surface skim of ice (Cherepanov 1964),
the Earth's magnetic field (Cherepanov 1971), and
oceanic currents close to the ice/water interface
(Gow and Weeks 1977, Kovacs and Morey 1978, Weeks

and Gow 1978, 1980). The purpose of this paper is

to investigate, by laboratory experiment, which of
these mechanisms is responsible for the alignment of
c-axes. Evidence from field studies has indicated
that currents are the most probable mechanism. Weeks
and Gow (1978) explain this by suggesting that mixing
in the fluid is enhanced by the “rougher" appearance
of the interface when the flow is parallel to the
c-axis direction. The growth-inhibiting solute is
then removed more rapidly from the region of the
interface and grains with the c-axis and current
vector aligned may grow at the expense of the others,
The experiments reported here were therefore designed
principally to simulate sea-ice growth in a current,
although other hypotheses were also considered,

2. DESIGN OF LABORATORY APPARATUS

An early version of the laboratory apparatus has
been described in Langhorne (1980). The equipment is
shown in Figure 1 and has been described in detail in
Langhorne (unpublished). The 1.2 x 0.6 m slab of sea
ice for fabric analysis formed in tank B, which was
located within the larger tank A. The under-ice
current was produced by pumping NaCl solution from
tank B up into tank C. Here the heat introduced by
the pump was dissipated and, by injecting the fluid
returning to tank A below the waterline, turbulence
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Fig.1. Schematic diagram of laboratory dapparatus to grow sea ice in a current,

and splashing in tank A were minimized. Honeycombs at
the entrance of tank B ensured that the current under
the test slab was within a few degrees of the
x-direction (the long axis of tank B (Fig.l)). The
size of the apparatus was limited by the cold room

in which the experiments were conducted, making it
impossible to entirely exclude lateral heat flow.
Because large horizontal temperature gradients are
known to orient grains in sea ice, the magnitude and
direction of this gradient were deduced from the
vertical temperature gradient and from the slope of
the ice/water interface at the completion of the
experiment. The deduced horizontal temperature grad-
ient was within 20% of the measured value at single
lTocations in two experiments. The major experimental
obstacle was the production of unidirectional,
columnar sea-ice growth in the test section, while
simultaneously preventing ice formation in the pipes
and pump,

The current speed was chosen to match under-ice
field measurements (Weeks and Gow 1980). It was kept
constant by adding cooled brine to raise the test slab
upwards, thereby maintaining a constant depth of fluid
beneath the ice, Vertical current profiles were
measured and the fluid motion was found to be laminar
with buoyant fluctuations in velocity and temperature
close to the ice/water boundary,

Throughout the experiments, tilting of the slab of
NaCl ice was avoided since this can produce an align-
ment of c-axes, No evidence of horizontal stresses was
observed and no alignment was found in the surface
skim of ice. If the Earth's magnetic field was
important, the resulting mean c-axis direction should
be the same for all experiments performed.

It has been suggested that a crucial test of the
ideas of Weeks and Gow (1978) lies in the texture of
freshwater ice grown in a current, since the planar
interface of pure ice has no means of interacting ani-
sotropically with the current, Thus, the c-axes of
pure ice grains would not be expected to align with
the current. However other properties, such as ther-
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mal conductivity, which are virtually isotropic for
pure ice are anisotropic for saline ice. Hence the
hypothesis that the c-axes of sea-ice grains are
aligned by a current cannot be proved by comparison
of flow-induced fabrics of pure and saline ice alone.
Instead it is necessary to perform a control experi-
ment with no flow for each experiment with unidirec-
tional fluid motion. Two of these sets were carried
out, the first with brackish solution (~20%/00) and
the second with saline solution (~309/00) and the
effect of the increase in salinity was noted. The
conditions during these experiments are given in
Table I where u. is the velocity outside the
boundary layer approximately 40 cm from the entrance
of tank B. The experiments are numbered in the order
in which they were performed.

3. RESULTS OF FABRIC ANALYSIS

When the slab of NaCl ice was approximately 20 cm
thick, the experiment was terminated. The ice was
divided into blocks, and labelled from 1 to 6 in the
positive x-direction and A to D across the slab.
C-axis measurements were made at -25°C using a uni-
versal stage and following methods described in
Langway (1958). The strength of the alignment was
quantified following Mardia (1972: 222). As described
in Langhorne (unpublished), this yields a concentra-
tion parameter which is the ratio of the grouping of
the axes about the mean direction to the grouping
about the direction normal to this mean. Thus, large
values of the concentration parameter indicate
tightly grouped data., Since the c-axes in sea ice
generally lie close to the horizontal, the mean direc-
tion and its normal are also approximately in this
plane.

Figure 2(a) to (d) shows the direction and
strength of the alignment as a function of depth
beneath the ice surface for each of the four experi-
ments. The location of each sample in the slab is
also given.


https://doi.org/10.3189/S0260305500005413

SUMMARY OF C-AXIS ALIGNMENT- RUN 5

38X P o°
58
(a) Ry—
Xsb - =
8:0 - xic X48
X sp z e
_/. 20 5
/ bl
& m
s & :
£
; &0 s g
£ 2
g / o' 3
z i S
E /
K n
& 407 / 2
B
g / . ]
g / ¥ 3 Ce @3t 5
z X 58 LA S
o CL] e
= F g-"'“ s [T o
20 A —-— il . =
d el Lo 2
PSS z
b5 8
¥ . ! ! T T T
9 ] 8 12 15 70
REETR I G (c m) @ Concentration paramefer

X Angle difference

SUMMARY OF C-AXIS ALIGNMENT - RUN 7.

ro
X
(c) i}
el
-
m
=
m
80 %ix g z
« +20° =
= at
i
z <3
= X Biky 1=4 z
60 =
Fao® o
z
z 5}
o]
E >
o 401 =
= ]
z r&0
u S
o
] =
>
220 " Tatbet-a Z
o x
- Yoy 80
0 i ’ [ 12 16 20

DEPTH IN ICE (em) ®Concentration  parameter

X Angle difference

Langhorne: Crystal orientation in NaCll ice

SUMMARY OF C-AXIS ALIGNMENT-RuUid 6.
b Xz o° o
(b) o 3
e et
z
80 X8 aBX =
-
r20°
-
& xsa z
x z
< .8
a 40
£ )
40° Z
o
: - 2
= I
a0
= PR
z . 60° ™
]
v =
z L s >
© z
tv] =
2:04
I80”
LAl
o 4 8 12 6 20
DEPTH IN ICE [em) ® Concentration parameter
X Angle difference
SUMMARY OF C-AXIS ALIGNMENT - RUN B
o
Xac_ X
(d) 5 i R % )
S Xin .t
80 e =
/ - m
= 20° 2
o .8 =
.
S Xss i i 2
x 60 / . g
< i
a v i 0°
2 17 :
B
Zual ” ; g
4 -—- .. =
= 80" o
tzJ X218 Ste = -
8 i
2.0 } e 9
by s R B
el
v = |
0 4 8 12 16 20
DEPTH IN ICE (em) ® Concentration porometer

X Angle difference

Fig.2(a) to (d). Diagrams of the concentration parameter (shown by dots) as a function of depth in the ice
for the experiments. The difference between the mean c-axis direction and the current or x-direction is
also given (shown by crosses). Dotted lines indicate trends in data.

3.1. Brackish experiments
Run 5: forced flow

As the ice thickens (see Fig.2(a)), the mean
direction of the distribution of c-axes tends towards
the x-direction which, for this experiment, was also
approximately the current direction. When the meas-
ured current direction and the mean c-axis at the
base of the ice are compared (Fig.3), the average
difference is 7°. On the other hand, if the preferred
orientation was controlled by heat flow, the mean
c-axis of the distribution would be normal to the
direction of the horizontal temperature gradient. How-
ever, Figure 4(a) shows that there is no systematic
relationship between the mean c-axis direction and
the c-axis direction predicted from the horizontal
temperature gradient. Similarly, the magnitudes of
the concentration parameter and the horizontal temp-
erature gradient are unrelated (see Fig.4(b)).

From Figure 2(a), it can be seen that the
strength of the alignment, which initially increases
with depth, becomes constant from 11 cm onwards. At
this depth, the salinity profiles indicate that there
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was a transition from the characteristic cellular
interface of sea ice to the smooth, planar interface
of pure ice, Such a transition would be predicted
(Langhorne unpublished) by a theory for interface
stability in the presence of a laminar boundary
layer (Delves 1971). This behaviour adds further
weight to the argument that the current is control-
ling the orientation of the c-axes, since after the
transition the current can no longer interact aniso-
tropically with the salinity boundary layer.
Run 6: natural convection

It is impossible to avoid natural convective flow
during the downward freezing of sea-water. It is
therefore essential to ensure that buoyancy-driven
convection is not forced into a directional motion
by the pattern of freezing or the geometry of the
apparatus. At first sight, the results of run 6 are
inconsistent with those from other experiments,
since in samples from some locations the c-axes show
a preferred orientation, but there is no systematic
increase in alignment strength with depth (see Fig.
2(b)). This lack of depth dependence in the concen-
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Fig.3. Measured current direction in tank B and
mean c-axis directions at the base of the NaCl
ice slab. The open circle denotes a random
c-axis distribution.

tration parameter and angular difference from the
x-direction (see Fig.2(b)) suggested that these
quantities might rather be a function of the downtank
coordinate x, Figure 5 shows that this is the case.
In addition, there is no reason to suspect that the
observed alignment is due to heat flow (see Fig.4).

A more reasonable explanation for the pattern of
alignment in Figure 5 is that the unusual freezing
conditions during the initial stages of this experi-
ment induced a buoyancy-driven flow which was strong-
est at the open end.of the test section (small values
of and weakened towards the

X
Tength of sheet of ice
sealed end. Thus it appears that natural convection
has caused the preferred orientation of c-axes in
this case.
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Fig.4(a). Diagram of the measured mean c-axis
direction versus the c-axis directions predicted
from the horizontal temperature gradients. If
there was significant correlation between these,
the data would 1ie on a straight Tine of slope 1
(shown in bold). Measured and predicted quantities
can differ by up to 90° and the shaded region is
thus prohibited. Legend shown in Figure 4(b).
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Fig.4(b). Diagram of concentration parameter
versus the calculated horizontal temperature
gradients. Note that the two measured gradients
are plotted, with errors, and the corresponding
calculated gradients are within this error,

3.2. Saline experiments
Run 7: natural convection

Buoyancy-driven convection was carefully con-
trolled and observed during this experiment, in the
light of the experience gained during run 6. There
was no unidirectional fluid motion and, although the
appearance of the grains is still typical of sea ice
(see Fig.6(a)), the resulting fabric is quite differ-
ent to that found in the previous two experiments.
After 15 cm of sea-ice growth the c-axes still form
a symmetric girdle distribution (Fig.6(b)). This is
reflected in the lTow value of the concentration para-
meter in Figure 2(c). Again there is no systematic
relationship between the magnitude and direction of
the horizontal temperature gradient and the mean
distribution of c-axes.
Run 8: forced flow

In contrast to the girdle distribution of run 7,
Figure 7(a), (b), (c) maps the development of the pre-

CONCENTRATION PARAMETER - RUN &

2
Y= 0° 3
=S
é L e X m
\\ s e m
8 el L1o° &
S x T m
o ~ X -
w

5 \\\ F20° 8
Z 47 ®% =
- "o L30° ©
£ L 02
i Q

z oL o
S, >
0 <~ [40°%
ks _ 50° Q
3 ® Concentration parameter -
g X Angle difference ;
o Ead

0 T T T T
0 02 04 06 08 10

X
Length of sheet of ice

Fig.5. Diagram of the concentration parameter
as a function of the dimensionless distance
from the honeycombs for run 6. Dotted lines
indicate the trend in the data.
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TABLE I. SUMMARY OF EXPERIMENTS

Langhorne:

Crystal orientation in Nall ice

Brackish Saline
Run 5 Run 6 Run 7 Run 8
Forced flow Natural Natural Forced flow
convection convection

Fluid motion Ug=3.4 cm s} No Light and variable U= 2.9 cm s}
observations

Concentration 17-19 17-22 >29 30-32
(°/00)

Air temperature =20 -20 -15 -20
(°c)

Horizontal

temperature 0.12 0.052 0.022 0.072

gradients 0.02b 0.10b

(°c cm~1)

a: deduced
b: measured

ferred orientation of c-axes during this experiment.
Figure 2(d) also shows this rapid increase in the con-
centration parameter with depth, the axis of align-
ment being the current direction. The anomalous data
point, from location 1B, was purposely taken close
to the entrance of tank B where the effect of the
leading edge mixed the fluid, preventing a well-
defined direction of flow. Therefore the low value
of the concentration parameter for this location
confirms the hypothesis that the current controls
the grain orientation.

Comparison of Figure 7(d) with Figure 6(a), its
counterpart from run 7, illustrates that, although
the current has an ordering effect on the distri-
bution of c-axes, the appearance of the thin section
is more chaotic in the presence of fluid motion. This
apparent chaos is due to the small angle differences
between platelets comprising a grain,

The most- striking feature of this experiment is
shown in Figure 8. The grains consistently grew in a
direction opposing the flow, regardless of the slope
of the interface, This upstream deflection of the

SAMPLE E7-2X- 15/ 16

Fig.6(b). Equal area projection diagram for
run 7, taken 15 cm from the ice surface. The
long axis of tank B is shown by the arrow on
this figure. Sixty-four measurements were made,

columnar axis has been frequently observed during the
solidification of metal alloys in a flowing melt (for
example, Flemings 1974), and has been attributed to
the flow-modification of the heat or solute boundary
layer. Although such deflection has been noted for
pure ice (Miksch 1969), it has not been previously
reported for sea ice in the field or in the labora-
tory. Examination of Figure 7(c) shows that this
upstream tilting is accompanied by a grouping of the

1cm

Fig.6(a). Horizontal thin section from run 7
(saline-no forced flow) taken 15 cm below the
ice surface. Note the well-defined platelets.
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SAMPLE E8-5B- 1/ 2

(c)
SAMPLE E8-5B- 16/ 17

Fig.7(a), (b), (c). Equal area projection dia-
grams for run 8, from 2, 10, and 17 cm from the
ice surface, respectively., The arrow shows the
approximate current direction. In each case,

64 measurements were made,
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SAMPLE E8-5B- 8/ 1@

1icm

Fig.7(d). Horizontal thin section taken 17 cm
below the ice surface. Current direction from
top to bottom of photograph.

c-axes about the downstream pole, indicating that the
c-axes maintain their orientation normal to the
columnar axis. A more detailed discussion is given

in Langhorne (unpublished).

4. CONCLUSIONS

The most important conclusions of this study are
Tisted below.
(1) In the absence of horizontal deviatoric stresses
and tilting of the sea-ice sheet, a preferred orient-
ation of c-axes develops when sea ice forms in a lami-
nar current, the mean of the distribution coinciding
with the current direction. The strength of this
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Fig.8. Vertical thin section in the x-plane
from run 8. Columnar growth extends from the
ice surface to the base of the ice. There is
a deflection of the grains upstream into the
current, the direction of which is shown by
the arrow.

alignment increases rapidly with depth beneath the
ice surface. When there is no unidirectional fluid
motion there is a substantial reduction in alignment.
(2) Weak, buoyancy-driven flow appears to be suffi-
cient to produce a preferred orientation of c-axes.
(3) Despite unnaturally large horizontal temperature
gradients, no correlation was found between the
strength of alignment or the mean direction of the
distribution of c-axes and the magnitude or direction
of these gradients.

(4) During the brackish experiment with forced flow,
a cellular to planar transition took place at the
ice/ water interface and the increase in the strength
of alignment with depth was simultaneously halted.
This ideal circumstance indicates the importance of
the cellular interface in the process of c-axis
alignment and points to the interaction between the
roughness of the interface and the fluid motion as
the important physical mechanism.

(5) The importance of the fluid motion in controlling
the geometric selection of grains by the rate of
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transport of solute from the interface is also
suggested by the upstream deflection of the columnar
axis of grains growing in a current. This tilting
resolves the 180° ambiguity in the current direction.
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