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the base from which the observations
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is small (see Fig. 9) and is surrounded by a
broad expanse of fast ice. (Photograph by
A.]. Gow.)
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PREFERRED CRYSTAL ORIENTATIONS

IN THE FAST ICE ALONG THE

MARGINS OF THE ARCTIC OCEAN

W.F. Weeks and A.). Gow

INTRODUCTION

The structure of the initial ice layer that forms
when seawater begins freezing is largely con-
trolled by the ambient meteorological and
oceanographic conditions. If conditions are
calm, the ice crystals are plate or starlike (hex-
agonal), with the plane of the plate or star being
the basal (0001) plane of the ice crystal. Because
of their tabular nature such crystals tend to float
with their basal planes oriented parallel to the
water surface. This results in an ice skim with a
predominantly c-axis vertical orientation.
Crystals with other c-axis orientations are,
however, invariably also present. When sea con-
ditions are not calm, the motion of the water
reduces the effective thermal supercooling,
more crystals form per unit volume of seawater,
and the abrasive action between crystals causes
the arms of the stars to fracture and the crystals
in general to be more rounded. The result is a
surface layer of frozen slush that is fine-grained,
equigranular in texture, with a random or near-
random c-axis orientation. At sites where wave
action is pronounced, this layer of slush may be
several tens of centimeters thick.

Once a continuous ice cover is established
across the sea surface, the ice crystals at the ad-
vancing ice/water interface lose a degree of
growth freedom. Only if the grain boundaries are
exactly perpendicular to the freezing interface
can growth proceed without a crystal interfering
with the growth of its neighbors. If the ice
crystals show a preferred growth direction, then
it is to be expected that crystals initially oriented
with that direction near vertical would be able
to grow slightly ahead of, and ultimately cut off,
other crystals from the melt (i.e.,seawater). This
process is referred to as geometric selection. In-
asmuch as ice crystals forming from seawater do
show highly anisotropic growth, geometric selec-
tion is observed to occur, with the favored sur-
viving crystals having their c-axes oriented in the
horizontal plane (Perey and Pounder 1958, Kvajié¢
et al. 1973). The portion of the ice sheet within

which the c-axis horizontal orientation develops
has been called the transition zone. The process
of selective growth is quite efficient; therefore,
the transition zone is usually only a few (™10 to
15) centimeters thick. The exact location of the
transition zone within the ice sheet depends
upon the location of the base of the initial ice
layer (e.g., the zone could occur between 1 and
10 cm or between 50 and 65 cm).

Below the transition zone sea ice shows all the
characteristics associated with the so-called col-
umnar zone in metal ingots, i.e., pronounced
crystal elongation parallel to the direction of
heat flow, a strong crystal orientation, and an in-
crease in crystal size as measured in the horizon-
tal plane over crystals higher in the ice sheet.
Figure 1 shows a photomicrograph of a vertical
thin section of ice from the upper part of the col-
umnar zone. In the few cases that have been
studied (Weeks and Hamilton 1962, Tabata and
Ono 1962, Weeks and Assur 1967), the average
grain diameter increased as a linear function of
depth. However, observations were not made
below 60 cm because of the large number of
crystals that were incompletely contained in a
given thin section. Extrapolation of the available
data suggested grain diameters of the order of 7
to 8 cm at the base of a 2-m-thick ice sheet. In
the columnar zone the favored crystals surviving
at the bottom of the ice sheet were believed to
be those c-axis horizontal crystals that were
oriented with their a-axes vertical. However,
detailed studies have not been made to verify
this.

The few fabric diagrams that were prepared
from columnar zone ice appeared to show the
c-axes distributed randomly in the horizontal
plane. However, as with the grain size studies,
fabrics were prepared of ice obtained only from
the upper part of the ice sheet. When an ice core
from the lower portion of the ice sheet showed a
strong preferred crystal orientation within the
horizontal plane, it was assumed to be caused
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Figure 1. Vertical thin section of ice from the upper
part of the columnar zone; Site 15, 47 to 57 cm. Note
the pronounced elongation of the crystals parallel to

the direction of growth (arrow).

by the sample largely coming from within one
single crystal because the core diameters and
the expected crystal diameters were about the
same (~8 cm). The resulting conceptual picture
of sea ice was of a material showing pronounced
changes in physical properties with changes in
the vertical location of the sample in the ice
sheet, largely produced by changes in the
amount of brine found within the ice, but with
the properties being independent of direction in
the horizontal plane if samples larger than
several crystal diameters were used, ie, a
transversely isotropic material. A more detailed
discussion of much of the above with accompa-
nying references can be found in Weeks and
Assur (1967) -

However, information began to slowly accu-
mulate that suggested that the above descrip-
tion of crystal orientation in sea ice might not be
completely correct. For instance, Cherepanov
(1964) and Smith (1964) observed that the old sea
ice incorporated into ice islands SP-6 and Arlis 1)
exhibited nearly perfect alignment of c-axes over
large areas. In fact, all the ice in the 80-km? SP-6
showed a strong c-axis alignment. Then Peyton
(1966) reported examining a 3-X 3-m block of
1.6-m-thick fast ice from near Barrow and finding

that the bottom meter exhibited a constant
c-axis orientation over the entire 9-m? cross sec-
tion. Whether or not the entire area was a single
crystal was not clear. Next, a most remarkable
report of preferred c-axis alignments in sea ice
was made by Cherepanov (1971), who observed
conditions of nearly constant c-axis alignment
over areas of hundreds of square kilometers in
the Kara Sea. Finally, indirect evidence based on
studies of the directional dependence of the
electrical properties of sea ice collected at wide-
ly separated sites in the Canadian Arctic by
Campbell and Orange (1974) and by Kohnen
(1976) also tended to support Cherepanov’s
observations that oriented crystal structures
might extend over lateral distances on the order
of tens of kilometers

In April 1976 Gow and Weeks (1977) examined
the orientation of the sea ice crystals ina 1-X1-
m block of a 2.15-m-thick sheet of first-year sea
ice at a site located just offshore of one of the
barrier islands along the Beaufort Sea coast
north of Prudhoe Bay, Alaska, to see if similar
preferred orientations were present. The obser-
vations showed the c-axis orientation to be
dominantly horizontal in all ice below 14 cm
with a pronounced east-west preferred orienta-
tion developing within the horizontal plane by a
depth of 26 cm. The present study is an exten-
sion of the above work in which we examine the
areal variability of preferred c-axis orientations
over a 60-km reach along the coast of the North
Slope, compare the results with Soviet observa-
tions made in the Kara Sea, and discuss the
possible controlling factors as well as the im-
plications of such striking ice fabrics for future
sea ice studies and for crystal growth research in
general.

LOCALE AND TECHNIQUES

This work was carried out as a secondary pro-
gram associated with an effort to measure the
movement of near-shore sea ice along the coast
of the Beaufort Sea using radar transponders
and laser ranging systems (Weeks et al. 1977,
Tucker et al. 1978). The base camp and one
master radar unit of the ice movement system
were located on Narwhal Island, the western-
most of the McClure Islands, and the other
master unit was located on Cross Island (see Fig.
2). Cross and Narwhal Islands are representative
of a number of barren, elongated gravel islands
that compose the barrier islands that occur
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along, and help to shelter much of, the Beaufort
Sea coast (Gavin 1976). Between the islands and
the mainland there is a broad, shallow lagoon
with a maximum water depth of approximately 9
m

Because Cross Island is the outermost of the
barrier islands, the lagoon (Stefansson Sound) is
its widest (18 km) in this vicinity. The ice within
the barrier islands is typical undeformed fast ice
(ice that remains fixed to the coast), which at the
time of our study (April-May 1977) was approx-
imately 1.8 m thick. Outside of the barrier
islands the fast ice extends seaward for some
distance Our observations suggest that even the
ice as far offshore as current meter Site C1 (see
Fig. 2) is fast for most of the winter and early
spring. Actually, in 1977 there were small 1- to
2-m-wide cracks that extended south to the north
coast of Narwhal Island. Although these cracks
opened and closed during our sampling period,
they did not appear to result in ice motions that
would produce crystal orientation changes of
more than a few degrees, assuming that the
preferred growth direction did not change dur-
ing the same time period

Sampling sites were selected based on three
main considerations: first, we wished to obtain
samples distributed over a broad area; second,
we wan‘ed to obtain samples around and in the
channels between islands where the ocean cur-
rent direction was reasonably well defined and
at times different from what was anticipated as
the general regional flow field; and finally, we
had only limited helicopter support that we
could devote to this project. The result is the
distribution of sampling sites shown in Figure 2
(the site locations are marked by black dots)
Most samples were obtained in the vicinity of
the McClure Islands and specifically near Nar-
whal Island, three samples around Cross Island,
four samples on a 60-km line down the main axis
of Stefansson Sound, and two samples offshore
of the barrier islands. The two offshore samples
were collected during maintenance visits to our
radar transponders and were acquired near
transponder locations 4 and 6 [see Fig. 1 in
Tucker et al. (1978)], the outermost of which was
approximately 22 km offshore of the Cross
Island-Narwhal Island axis. The sample sites near
islands were located by measuring azimuths to
known land points. The locations of the other
sites were determined by the use of a precise
VLF “On-Track” navigation system onboard the
helicopter.

The sampling procedure at the majority of the
sites studied was first to mark the direction of
magnetic north on the sea ice surface, then to
make vertical cuts with a chain saw until a rec-
tangular block of ice with horizontal dimensions
of approximately 30 X 30 ¢cm was isolated The
height of the block was roughly 90 to 100 cm,
limited by the length of the chain saw bar. The
block was then broken at its base with an ice
chisel and removed from the ice sheet with a
pair of tongs. The ice below 1-m depth was
sampled by obtaining a 7.8-cm-diameter core
using a conventional CRREL corer. The difficulty
with sampling by coring was that, although
magnetic north was marked on the upper core
surface, horizontal breaks invariably occurred
across the core, causing loss of orientation. In
most cases, however, the absolute orientation of
the lower core segments could be regained ex-
actly by matching irregularities in the breaks and
lining up brine drainage channels and crystal
features that extended across the break. In the
few cases where orientation could not be main-
tained, a new core was drilled. The ice blocks
and cores were then transported back to the Nar-
whal Island base camp where they were examin-
ed

The majority of the structural studies were
performed using thin sections. The ice was first
cut into smaller blocks to isolate areas of in-
terest. Next, slices of ice measuring 10 X 10 %X 1
cm were cut from these blocks and frozen onto
glass slides. The slides were then placed on a
microtome and shaved down to thicknesses be-
tween 0.3 and 1.0 mm, depending on the mean
diameter of the crystals in the ice

The crystal orientation measurements were
made on these thin sections using a large 3-axis
universal stage specially designed for studying
ice fabrics (a Rigsby stage) The determination of
crystal orientation in sea ice is particularly easy
in that ice from below the transition layer in-
variably has nearly horizontal c-axes and the
trace of the (0001) plane in each crystal is clearly
revealed by the alignment of brine pockets be-
tween the numerous platelets of pure ice that
compose each of the crystals of sea ice [see
Weeks and Assur (1967, 1969)]. Errors in deter-
mining the azimuth of each sample are
estimated not to exceed * 3° in blocks and + 5°
in cores. To obtain the data required to prepare
each fabric diagram, crystal orientation
measurements were usually made on three or
four different thin sections from the same level
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in the ice sheets. In addition, photographs were
made of each thin section using a 10-X12.5-cm
view camera. These photographs also provide a
permanent record of the texture, grain size, and
substructure of the ice.

In some of the ice blocks, interesting gross
structural features such as growth banding and
pronounced brine drainage channels were
noted. These were documented by cutting 1-cm-
thick vertical ice slabs, placing the slabs on
black cloth, and photographing them in
reflected sunlight.

OBSERVATIONS

Figure 3 shows the orientations of individual
c-axes as determined at six different sampling
sites and plotted on a Schmidt equal-area pro-
jection via the lower hemisphere. Fairbairn
(1949) and Langway (1958) discuss this type of
presentation in detail. Briefly stated, a verticai
c-axis plots in the center of the diagram, a
horizontal c-axis plots on the outer circle at a
location determined by its azimuth, and a c-axis
that is dipping 20° to the N plots below N on the
N-S line slightly less than 20% of the distance

Site 3
87cm

Site 10

between N and the center of the diagram. The
crystal orientations at all the sites studied were
generally similar to those shown in Figure 3. In
all cases, the ice below the transition layer show-
ed c-axis orientations that not only were within a
few degrees of horizontal, but also exhibited
striking preferred orientations within the horizon-
tal plane.

In calculating the mean of a given set of
crystal orientations, it was first assumed that the
deviations of the c-axes from perfectly horizon-
tal were largely the result of our inability to cut
the thin sections exactly in the horizontal plane.
We believe this assumption to be essentially cor-
rect. If for the present the small remaining scat-
ter is ignored, we can take each c-axis measure-
ment to be represented by a point lying on the
horizontal circle. We are, of course, dealing here
with axial data insofar as the c-axis orientation
of a crystal is not a vector and can equally well
be represented by a point at either 8 degrees or
at 6+ 180 degrees (but not by both). Therefore,
by a suitable rotation of the coordinate system,
a given data set always can be made to occur
within the range of (0°, 180°).

Figure 3. C-axis orientation plotted on a Schmidt net for six different sampling sites shown on Figure
2. The two-headed arrow indicates the circular mean X, and the “bow-tie” indicates + a standard

deviation s,
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The circular mean X, and circular variance S,
were then calculated by doubling the angles so
that the data were distributed over 360°, and at
the completion of the calculation transforming
the data back to their original location. Mardia
(1972) gives a detailed description of this pro-
cedure. It should be remembered that 0 € S, <1,
with values near zero representing c-axis direc-
tions that are tightly clustered and values near 1
representing directions that are widely dis-
persed. We also present values of the standard
deviation s, where s, = [—2 log. (1 — S,)]'/%2
for values with a range of (0°, 180°). The range of
So is (0, ) and it can be considered somewhat
analogous to the ordinary sample standard
deviation on a line. In fact, because the data are
so well clustered around the mean, the value of
the linear standard deviation corresponds
almost exactly to s,. On each fabric diagram the
mean orientation direction in the horizontal
plane is indicated by a two-headed arrow and
+s, by the outer bounds of the “bow-tie.”

Vertical variations in crystal orientation

Before discussing regional orientation trends,
the vertical variations in the preferred c-axis
direction within the horizontal plane will be ex-
amined. If large differences in orientation direc-
tion occur over short vertical distances in the ice
sheet, for example, if at 80-cm depth the c-axis
alignment is N-S while at 90 cm it is E-W, we

have a very different class of problem than if the
orientation remains relatively constant once it
becomes established.

Data bearing on this problem were collected
from the ice that we studied in 1976 (Site N76) as
well as in 1977 (Site 6). Table | presents a com-
pilation of these results. The texture and c-axis
fabrics at six different levels in the sea ice at Site
6 are shown in Figure 4. A similar presentation of
the texture and fabric obtained from the ice at
Site N76 can be found in Gow and Weeks (1977,
their Fig. 3). Figure 5 is a plot of mean crystal
orientation X, and the standard deviation s, ver-
sus position in the ice sheet for these two sets of
samples. X, is clearly not constant, with rather
large changes occurring at locations above
60-cm depth (20° at Site 6 and 24° at Site N76)
Below 60-cm depth the variations are much less
pronounced, amounting to 12° (Site 6) and 10°
(Site N76). The suggestion of more nearly con-
stant crystal orientations at locations below
roughly 60 cm is also borne out by comparing
the orientation found at Site 7 at 89 cm with that
at 166 cm and the orientation found at Site 2 at
89 cm with that at 168 cm (Fig. 6). The dif-
ferences in orientation are only 3 and 7° respec-
tively. Figure 6 also shows the texture of the ice
atSite 7 as shown in horizontal thin sections

Another trend clearly shown in Figure 5 is a
consistent decrease in the standard deviation
with increasing depth of the sample. Figure 7

Table 1. Vertical variations in preferred crystal orientation.

Depth to No. of X, Avg c-axis So. Std
Site sample  Type of  crystals in  onientation S, Circular dey
Sete e location {em) sample sample 1° true) Varianee /°)
2 70°30 3'N 89 Block 51 76 0051 19
147958 8'W 168 Core 20 83 0024 13
6 70°25 1'N 15 Block 86 120 0149 33
147°39 y'W 30 Block 86 120 0073 22
60 Block 84 100 0089 25
90 Block 74 96 0033 15
139 Core 22 108 0016 10
177 Core 19 9% 0013 9
7 70°23 7'N 89 Block 70 119 0023 12
148°04 3'W 166 Core 16 122 0005 6
N76 ~70°23 9N 8 Block 102 88 01843 §7
147°31 O'W 14 Block 116 64 0 205 39
26 Block 109 86 0070 22
66 Block 93 93 0025 13
95 Block 119 97 0073 22
156 Block 60 104 0025 13
183 Block 71 97 0013 9
6
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Figure 4. C-axis orientation obtained at six different depths in the ice sheet at Site 6. The two-head
arrow indicates the circular mean X, and the “bow-tie” indicates + a standard deviation So.
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the ice sheet for Sites 6 and N76.
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Figure 6. Schmidt net plots of individual c-axis oriéntations and the mean orientation at
two different levels at Sites 2 and 7. Also shown are photomicrographs of thin-sections
of ice from site 7. Photomicrographs taken at natural scale.

b sigloio i i shows a similar trend illustrated by data col-

05° '?o |]5 2? lected at Site 6 as well as at four other less-
thoroughly studied sites. The standard deviation

at depths of 180-190 cm is 15° or less. In the re-
b mainder of this paper we will represent the c-axis
Site! orientation at each test site by a circular average
X, obtained at depths varying between 63 and
1 Of~ 7 130 cm, with most values obtained at depths be-
tween 87 and 110 cm. This choice was a com-
promise between the larger number of crystals
+ that could be studied on thin sections prepared
6 from the bases of ice blocks and the lower scat-
ter present in the lower levels in the ice sheet
Figure 7. Standard deviation s, which could be sampled by coring. We ultimate-
of the c-axis as measured in the ly decided against using the core data because
horizontal plane as a function in several cases there were uncertainties in our
of vertical location in the ice realignment of core segments that we broke in
sheet. the process of sampling. Whatever the
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drawbacks in the data set associated with the
presence of the larger standard deviation occur-
ring in the higher levels of the ice, the data set is,
at least, reasonably homogeneous. We also
believe that the changes in mean crystal orienta-
tion that occur below 60-cm depth, though
small, are both significant and contain useful in-
formation. However at the present our vertical
sampling is not adequate to delineate more than
the presence of such changes.

Regional variations in crystal orientation

Narwhal and Cross Islands

A general map of the study area northeast of
Prudhoe Bay, Alaska (Fig. 2), shows the location
of each of the sample sites (indicated by black
dots). The line through each dot indicates the
mean direction of the c-axes in the horizontal
plane. Table Il gives a detailed statistical
characterization of the crystal orientation at
each sample site. In all cases, the crystal
alignments were sufficiently striking in that the
direction of preferred orientation could readily
be estimated by visual examination of sea ice
samples. In fact, at three sites X, was estimated
in this manner, including observations at Sites 18
and 19 and at Site P14 made by Martin and
Kauffman (1977) on 20 March 1977, roughly a

month before we began our studies.

Neglecting for a moment the observations
made in the vicinity of Cross and Narwhal
Islands, we see that the orientations in Figure 2
show two main features. Within the barrier
islands the c-axes are oriented WNW-ESE, a
direction that parallels the general trend of the
coastline and the bottom contours in this vicini-
ty (Sites 4, 6, 7, 9, 12 and P14). The ice within the
barrier islands is by definition fast ice, with the
maximum total motion over the growth season
being approximately 100 m (Tucker et al. 1978).
At sites outside the barrier islands (3 and 14), the
orientation is quite different, trending NNE-SSW
roughly normal to the coastline. As best we can
tell, the ice at these two sites was also essential-
ly fast from a time between soon after freezeup
and 6 April 1977 (all pressure ridges were both
several months old and composed of thin ice).
However, on 6 April small motions were noted
via our radar system and these motions con-
tinued at irregular intervals up until the time
when we collected the ice samples. The max-
imum (x,y) motions observed were (156, 63) m for
Site 3 and (440, 1198) m for Site 14 (Tucker et al.
1978). Here x is measured positive along the line
starting at Cross Island and extending through
the radar unit on Narwhal Island and y is taken
as normal to x and positive out to sea. The mo-
tions were largely simple dilatation normal to
the coast, produced by the opening of a number

Table Il. Summary of crystal orientation information.

Depth to No. of X, AVg c-axis sq, Std

sample  Type of crystals in  orientation S, Circular dev

Site no Site location [cm) sample sample (© true) variance It}

1 70°23 6°'N, 147°30 7'W 63 Block 36 85 0038 16

2 70°30 3°'N, 147°58 8'W 89 Block 51 76 0050 19

H 70°29 O°'N, 147°31 7’'W 87 Block 88 38 0042 17

4 70°20 2°'N, 147°36 5'W 88 Block 76 108 0037 16

5 70°24 O'N, 147°31 O'W 87 Block 65 53 0035 15

6 70°25 1°'N, 147°39 3'W 90 Block 74 96 0033 15

70°23 7°N, 148°04 3'W 89 Block 70 19 0023 12

70°24 O'N, 147°30 6'W 94 Core 12 62 0050 19

9 70°26 7°N, 148°29 3'W 102 Core 20 104 0073 22

10 70°29 4'N, 147°55 4'W 85 Core 43 19 0041 17

11 70°28 8'N, 147°54 6’'W 85 Core 74 77 0019 i

12 70°15 O'N, 147°00 O'W 91 Core 18 144 0009 8

13 70°23 6'N, 147°29 9'W 60 Block 58 133 0283 46

14 70°37 7°N, 147°29 7’W ~100 Core 10 23 0049 18

15 70°23 85N, 147°32 4'W 80 Core T, 59 0031 14

16 70°23 6'N, 147°28 4'W 79 Core 20 41 0016 10

17 70°22 8'N, 147°261'W 108 Core 6 14 0.040 17
18 70°22 05'N, 147°29 5W 110 Core 98
19 70°22 65'N, 147°23 4'W 107 Core 78

20" 71°20 ¥'N, 156°42 5'W 130 Core 33 33 0014 10
P14t 70°18 8'N, 147°101'W 69 Core 105

* Site in Chukchi Sea just offshore from Barrow, Alaska
t Data provided by Martin and Kauffman (1977)
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of small leads and cracks, and simple shear
along these flaws parallel to the coast. We saw
nothing to suggest that the ice might have
rotated so as to make a significant change in
c-axis orientation. In summary, although Site 3
and in particular Site 14 are not as “‘fast” as sites
within the barrier islands, we believe that they
can be considered as such for the purposes of
the present study

Figure B shows a detailed presentation of the
crystal orientations observed in the vicinity of
Cross Island. The c-axes generally follow the
form of the island (Sites 2 and 10) except in the
vicinity of passes between islands when the
orientation is parallei to the pass (Site 11).

_ 70°3I'N

170°27'N
147°50'W

Figure 8. C-axis orientations measured in the
vicinity of Cross Island.

Figure 9 is a similar presentation of the ob-
served orientations in the vicinity of the Mc-
Clure Islands. C-axes generally follow the out-
lines of the islands and are aligned roughly
parallel to the bottom contours except in the
vicinity of passes where again (Site 16) the c-axis
orientation is parallel to the pass. The orienta-
tions at locations farther from the islands (Sites
18 and 19) are similar to those observed within
Stefansson Sound. When Figure 9 is compared
with the published maps of Narwhal Island, it
will be noted that the island has changed form
significantly (i.e, it has split into four separate
islands) since 1955 when the maps were pre-
pared (our map was based on an aerial photo-
graph taken in the fall of 1975).
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Barrow

Figure 10 shows fabric diagrams from two dif-
ferent levels (15 and 130 cm) at Site 20 in the
near-shore fast ice along the Chukchi Sea coast
at Barrow, Alaska. Even at the 15-cm level, there
is a pronounced crystal orientation within the
horizontal plane and at 130 cm the preferred
orientation is as well developed (s, = 9.7°) as in
the ice in the Beaufort Sea at depths of 1.8 m.
The orientation direction is almost exactly the
same at both levels with the c-axes aligned
parallel to the coastline.

Kara Sea :

Perhaps the most remarkable report of prefer-
red c-axis alignments in sea ice is by Cherepanov
(1971), who observed preferred crystal orienta-
tions in an area of the Kara Sea with lateral
dimensions on the order of 1000 km. In fact, in
the southern 600-km-long portion of this area,
stretching along the coast of the Taimyr Penin-
sula, the crystal orientations were nearly con-
stant. Figure 11 presents Cherepanov’s data. In-
asmuch as the exact coordinates of his sampling
sites are not given, and latitude and longitude
lines are not marked on his map, it was not possi-
ble to prepare Figure 11 as exactly as would be
desired. Nevertheless, there is no doubt about
the general patterns revealed by his observa-
tions. Cherepanov also does not describe the
methods he used to determine the preferred
orientation of the ice crystals; we would surmise
that his methods were similar to ours.

Figure 11 shows that two principal c-axis direc-
tions were observed: a NE-SW orientation off the
north coast of the Taimyr Peninsula and to the
west of Severnaya Zemlya, and a NW-SE orienta-
tion further offshore to the north and to the
west. Figure 11 also shows the boundary be-
tween the fast ice and the pack ice as marked by
Cherepanov. It is clear that this boundary does
not coincide with a change in the orientation of
the c-axes at most places and that large areas
designated as pack ice show similar orientations.
We find this quite remarkable since the floes
within a reasonably mobile ice pack would be
expected to rotate as they drift under the in-
fluence of the winds and currents, a process
which would presumably destroy a regional
preferred orientation. We therefore expect that
during the time when Cherepanov’s observations
were made (late March-early April 1969), and for
some time prior to this, the majority of the ice in
the Kara Sea was essentially fast, in that it show-
ed little net drift or rotation. This is not
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Figure 9. C-axis orientations measured in the vicinity of the McClure Islands.
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Figure 10. C-axis orientations measured at Site 20 offshore from
Barrow, Alaska, in the Chukchi Sea.
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Figure 11. C-axis orientations as determined by Cherepanov (1971) in the Kara Sea
region of the U.S.S.R. The arrows indicate estimated directions of the surface cur-
rents obtained from U.S. Navy sources.

unreasonable; the large number of small islands
located throughout the study area would
facilitate the formation of a stable fast ice
cover. Also, during the same time of year in 1976
the AIDJEX stations were nearly stationary at a
site 330 km off the North Slope of Alaska in the
Beaufort Sea without the stabilizing effect of
islands to the north (Thorndike and Colony
1978).

Summary of observations

We believe that, when our results are coupled
with those of Cherepanov (1964, 1971) and
Peyton (1966), several conclusions can be drawn
about the nature of preferred crystal orienta-
tions in sea ice:

1. After sea ice has grown a few centimeters
(~10 cm) via unidirectional columnar growth, a
strongly developed c-axis horizontal crystal
orientation develops and persists as long as the
mode of growth remains unchanged.

2. At the great majority (95%) of the sites that
have been studied, a strong preferred crystal
orientation also develops within the horizontal
plane.
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3. Although a preferred c-axis direction may
be present in the upper few centimeters of the
ice (e.g., the 15-cm level off Barrow, Site 20), at
most locations the fabric develops more slowly,
becoming clearly evident only after approx-
imately 50 cm of vertical ice growth.

4. At a majority of the sites sampled, the
crystal orientation within the horizontal plane
was so highly developed (standard deviations of
<10° around the mean in the lower portion of
the ice sheet) that the ice sheet as a whole would
act as a very large single crystal.

5. Although the mean grain size as measured
in the horizontal plane does commonly increase
with depth in the upper part of the ice sheet,
crystal sizes at the base of the ice are still quite
small (2 to 3 cm). (The vertical dimensions of the
crystals are quite large with some crystals
extending completely through the columnar
zone.)

6. The dimensions of regions where the sea ice
crystals have similar orientations in the horizon-
tal plane may be very large, extending for hun-
dreds of kilometers.
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7. At sites near the mainland the c-axis align-
ment is generally parallel to the coast.

8. At sites near islands the c-axis alignment
generally follows the outline of the island.

9. In passes between islands, the c-axes are
aligned parallel to the axis of the pass.

We believe that the existing evidence clearly
suggests that strong c-axis alignments in the
horizontal plane are typical for fast or near-fast
ice along the margins of the Arctic Ocean. We
would suggest that similar oriented ice will also
be found in other areas, provided the ice grows
thick enough for the preferred orientations to
develop.

CAUSES

We know of no organized body of theory or
observation within the extant crystal growth
literature that suggests a priori that such striking
c-axis alignments should develop on a regional
basis in fast ice. Preferred orientations in metals
equivalent to the c-axis horizontal orientations
in sea ice are, of course, common (Tiller 1957,
Hellawell and Herbert 1962, Flemings 1974); it is
the preferred alignment in the horizontal plane
that is unusual Our observations on sea ice sug-
gest why this is so. The c-axis alignments we
observed develop slowly after a period of selec-
tive growth, implying that crystals in the favored
alignment have only a slight advantage over less
favored crystals. (This is in contrast to horizontal
c-axis orientations which develop quickly as the
result of a decided growth anisotropy.)

In crystal growth experiments carried out in
the laboratory, the time scale is usually days or
hours as contrasted to the scale of months for
sea ice. Therefore, the strong crystallographic
alignments within the growth plane may not
have had sufficient time to develop. Also, as will
be discussed, if our preferred explanation for
these alignments is correct, conditions favoring
such growth are usually absent during labora-
tory experiments. Since, we have shown that a
strong c-axis alignment in sea ice is common; we
will now try to piece together a physically
plausible explanation for why this is so. This ex-
planation can then be tested by laboratory ex-
periments on the solidification of a variety of
materials and, if verifiable, could paossibly be
utilized to develop techniques for producing
oriented crystal aggregates for experimental and
industrial purposes.
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Only Cherepanov (1971) has speculated about
the conditions causing the c-axis alignments,
although he notes that sufficient data were not
available to allow him to draw definite conclu-
sions. The factors he discusses are the orienting
influences of the initial ice skim, the earth’s
magnetic field, and the direction of the ocean
currents beneath the ice. We will discuss these in
sequence.

Initial ice skim

In principle, it is possible that the initial skim
could all be composed of crystals with an align-
ed c-axis orientation in the horizontal plane. This
alignment would then control the structure of
the congelation ice that forms. The controlling
factor might be the mechanical action of either
wind or waves, or botk, on the direction of free-
floating ice nuclei. Cherepanov (1971) was un-
able to confirm this hypothesis, noting that it
was difficult for him to believe that such steady
weather conditions could prevail (over such
large areas) during the formation of the primary
ice layer. Our observations are in agreement
with Cherepanov’s. In particular we stress the
observational fact that, although preferred
orientations may be apparent in the upper por-
tion of the ice sheet (see Figs. 4 and 10), the final
average orientation at the bottom of a winter ice
cover may differ quite appreciably from the in-
itial average, and these changes can hardly be
blamed on the crystal orientation in the initial
ice skim. It is within the columnar zone, not
within the initial ice skim, that the factors that
govern the ultimate preferred orientation exert
their control. It is our impression that the final
orientation will be the same regardless of the
orientation of the crystals in the initial skim. Of
course, if there is an initial orientation that is
favorably related to the final preferred orienta-
tion, the development of the final orientation
may be facilitated.

Earth’s magnetic field

Cherepanov (1971) suggests that the preferred
crystal orientations may be caused by the in-
fluence of the earth’s magnetic field, either
directly or via a coupling with the potential dif-
ference that is known to be established between
the solid and liquid phases during the freezing of
salt solutions. Detailed descriptions are not pro-
vided as to how these couplings might work. We
do not find his arguments to be compelling.
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Although the structure of certain magnetically
oriented sedimentary rocks may superficially
resemble the structure of sea ice, there is little
similarity in the physical processes controlling
their formation. Also, the fact that a high elec-
trical potential (€200 V) can exist at the ice/solu-
tion interface during freezing (Hobbs 1974, p.
607-615) does not necessarily mean that there
will be an interaction between the electrical and
the magnetic fields that will cause aligned
growth.

We base our rejection of the earth’s magnetic
field as an important factor in causing the
crystal alignments on three types of arguments:
theoretical, experimental, and observational.
First, when the application of a magnetic field is
found to have a significant effect on the align-
ment of a series of growing dendrites (Sahm
1971), the dendrites are .composed of a fer-
romagnetic material (because of the magnetic
field the dendrites are subjected to a turning mo-
ment that prodaces the preferred alignment). If
ice does show ferromagnetic behavior (a point
that is still highly debatable), it is only at
temperatures significantly below those en-
countered naturally [<100K (Hobbs 1974)].
Therefore, there is no theoretical reason to an-
ticipate that the crystal orientation of sea ice
should be affected by a magnetic field.

Second, actual experiments on the effects of
both magnetic and electrical fields on the struc-
ture of ice formed by unidirectional freezing of
aqueous solutions of NaCl showed no measur-
able effect (Rohatgi et al. 1974), even though the
applied magnetic field was over 80,000 times the
anticipated earth’s field (5 T as compared with
6 X107 T). The only reservation we have about
these experiments is that the total freezing time
varied only from 3 to 15 minutes. Therefore, it is
possible that an aligned structure did not have
time to develop in spite of the large applied
fields.

Third, whatever the mechanism, if the earth’s
magnetic field is the dominant factor, we would
expect the preferred c-axis direction to have a
constant orientation relative to the direction of
the magnetic field. It is, of course, possible to
see if this is so in both the Kara Sea and along
the coasts of the Beaufort and Chukchi Seas. In
the Kara Sea we have calculated the magnetic
declinations at the time Cherepanov made his
observations (March-April 1969) by using a 12th
degree spherical harmonic expansion of the co-
efficients for the American World Chart model
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of the main geomagnetic field. The isodeclina-
tion lines are shown in Figure 11, indicating
declinations varying from 20 to 40° to the east.
Comparisons between these declinations and
the observed c-axis orientations show that,
although there is a reasonable correspondence
at some locations, this appears to be fortuitous
in that other locations show quite different
relative orientations. A similar situation is found
in the vicinity of Narwhal Island, where the
magnetic declination is approximately 31°E;
although the two offshore stations (Sites 3 and
14) show rough parallelism with the magnetic
field, the near-shore crystal orientations are ap-
proximately normal to the field (Fig. 2). On the
other hand, at Barrow (Fig. 10) the near-shore
c-axis orientation is almost exactly parallel to
the magnetic field.

To summarize, in a very rough way existing
observations show that near-shore crystal orien-
tations are parallel to the magnetic field lines
along the coast of the Chukchi Sea off Barrow
and along the coast of the Kara Sea north of the
Taimyr Peninsula and are perpendicular to the
field lines north of Prudhoe Bay. Further off-
shore the orientations are more nearly perpen-
dicular to the field in the Kara Sea and parallel
to the field north of Prudhoe Bay. In short, the
geometric relations between the magnetic field
and the crystal orientations, if any, are not sim-
ple and do not lead us to believe that they are of
a “cause and effect” nature.

Currents

Cherepanov (1974) considered the possibility
that the c-axis alignments that he observed were
related to current directions. However, he re-
jected this possibility because he felt that cur-
rents could not “exert direct mechanical in-
fluence on the spatial arrangements of the
fibrous structure of the ice, if they do not 'ead to
a general disturbance of (the) fibrous growth of
crystals.” He also reportedly checked to see if
c-axis alignment changed with sudden changes
in current speed and direction and found that
the (new) ice formed had a spatially arranged
structure that was not related to the current
direction. No details were provided concerning
these observations.

Perhaps Cherepanov will be proven correct in
rejecting a relationship between the direction of
the current at the growing ice interface and the
resulting c-axis alignment of the ice. However,
we believe that such a relation is worthy of fur-
ther consideration. We feel that the observations
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we have presented here and in Gow and Weeks
(1977) suggest that, contrary to Cherepanov’s
belief, direct mechanical influences causing a
spatial rearrangement in the growing ice crystals
are not essential to the development of strong
preferred crystal alignments within the horizon-
tal plane. We believe that such aligned ag-
gregates develop by a process that is a natural
extension of the mechanism that results in the
c-axis horizontal orientation that is so character-
istic of all but the uppermost layers of sea ice,
i.e, by a process of selective crystal growth.

The question to be answered is, “Why, among
a set of c-axis horizontal crystals growing at a
given site, does a specific sub-set of crystals with
their c-axes aligned in a favored direction have a
growth advantage that allows them to gradually
replace their less favorably oriented neighbors?”’
Here we stress that our observations indicate
that the replacement is gradual, presumably
utilizing crystals that exist at the interface as op-
posed to requiring the massive nucleation of
new crystals oriented in the favored direction.
We note, as did Cherepanov, that even in ice
samples showing the strongest crystal
alignments, there are invariaoly small crystals
present that exhibit a variety of alternative
orientations. It is possible that these crystals
originate in the liquid ahead of the interface as
the result of the convective transfer of cold
brine from within the ice sheet downward into
the underlying sea water. Once formed the small
ice crystals would float upward attaching
themselves in random orientations to the base of
the ice sheet. [For a description of this process
see Bennington (1967) and Martin (1974).] This
means that, if there is a sudden change in the
favored direction, there will not be an equally
rapid change in the orientation of the ice, in-
asmuch as it would presumably take a sustained
period of crystal growth before the newly
favored orientation could ‘‘take over.”
Therefore, Cherepanov’s observation that there
was no relation between crystal orientation and
sudden changes in current speed and direction
does not necessarily rule out current as the con-
trolling factor. If current is the factor, then there
should be a systematic relation between the
c-axis alignment and the time-averaged current
speed and direction at the growing ice/water in-
terface.
Kara Sea

We believe that Cherepanov’s (1971) data can
be reasonably interpreted in terms of what we
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know of the currents in the Kara Sea. The arrows
in Figure 11 show the directions of the surface
currents in the Kara Sea based on summaries
presented by the U.S. Navy Hydrographic Office
(1958) and the U.S. Naval Oceanographic Office
(1970). It should be stressed that the data upon
which these summaries are based are limited
and that observations are presumably largely for
the “ice-free” season. Even so, the agreement
between the c-axis alignment and the current
directions is surprisingly good if it is assumed
that the crystals surviving at the bottom of the
ice sheet are those that have their c-axes
oriented parallel to the current.

There are two main currents in the Kara Sea.
The first of these is a counterclockwise circula-
tion in the western part of the sea, consisting of
the Yamal Current which flows northward along
the western side of the Yamal Peninsula until
roughly 74 to 75°N latitude where it swings
westward and joins the Novaya Zemlya Current
which moves south along the south coast of
Novaya Zemlya to complete the gyre. The c-axis
orientations at 74°10’N, 67°00’E indicate the up-
per part of this circulation. The second main
feature of the circulation of the Kara Sea is con-
trolled by the outflow of the Ob and Yenisey
Rivers, which mixes with sea water and moves
northeastward toward Severnaya Zemlya from
just east of the Yamal Peninsula. There are
numerous locatio where the c-axes are
oriented parallel to this flow. In the central part
of the Kara Sea (between 76° and 79°N and 75°
and 81°E) there are several (four) c-axis
measurements that are more westerly than the
usually indicated current directions for the area.
However, this is in an area where the currents
are indicated as light. Also, it should be
remembered that the current pattern under
essentially fast ice where the wind has little if
any effect does not have to coincide with cur-
rents as observed during the ice-free season. Cer-
tainly, current directions as indicated by the
c-axis directions would be plausible for the area.
Finally, it should be noted that the only c-axis
site in the Laptev Sea indicates a southeasterly
flow, in agreement with the known Severnaya
Zemlya coastal flow which moves southerly off
the east coast of Severnaya Zemlya and the
Taimyr Peninsula.

There are, however, two sites that do not ap-
pear to fit the “c-axes parallel to the current”
hypothesis. The first site, just northwest of the
northernmost of the three main islands of Sever-
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naya Zemlya, lacks a preferred orientation. We
would expect a strong fabric there with the
c-axes oriented SW-NE. The second site, located
in the center of Boris Vilkitski Strait between the
southernmost island of Severnaya Zemlya and
the Taimyr Peninsula, has a c-axis orientation
normal to the strait instead of parallel to it (the
next site to the west at the entrance to the Strait
does, however, have the “correct” c-axis orienta-
tion). We have no way of knowing if there are
some unusual circumstances associated with
Vilkitski Strait that make these observations
reasonable within the framework of a “c-axis
parallel to the flow direction” theory. Even con-
sidering these exceptions, we feel that the cor-
relation between c-axis orientations and prob-
able current directions in the Kara Sea area is
sufficiently strong to be encouraging.

Narwhal and Cross Islands

The problem in comparing the crystal align-
ment information collected north of Prudhoe
Bay, Alaska, with current measurements is
similar to that encountered in the Kara Sea:
there is a lack of pertinent current measure-
ments with which comparisons can be made.
This is particularly true in the winter when the
sea is ice-covered. The locations of three current
meter stations (C1, C2, C3) where long-term cur-
rent observations were made are marked on
Figure 2. Unfortunately, these stations were not
operational in 1977 when our measurements
were made. Stations C1 and C2 were located out-
side the barrier islands and were operated during
the three-and-a-half weeks from 28 March to 22
April 1976, the same general time of year but a
year earlier than our structural measurements.
The meters, Aanderaa RCM-4’s, were installed in
the vicinity of our 1976 ice motion radar
transponder stations R3 (C1) and R5 (C2) (Weeks
et al. 1977) by Aagaard and Haugen (1977).
Because of our radar observations we know that
C2 did not move more than 20 m during the com-
plete observation period and that C1 was also
relatively motionless until 16 April when this ice
became part of the pack ice. The meters were
hung from the ice and were suspended 10 m
below the lower ice surface in water greater than
30 m deep (C2) and 35 to 40 m deep (C1).

The records were not simple and are shown as
progressive vector diagrams in Figure 12. At both
meters velocities were generally small, with
20-minute mean values of 5 cm s™' or less, and on
a few locations (at Site C1 only) with values
reaching as high as 10 cm s™'.
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Figure 12. Progressive vector diagrams for the
currents measured beneath the ice at Sites C1
and C2. The scale marks indicate 2 km and there
is a time mark every 24 hours. The data are from
the time period 28 March-22 April 1976.

The mean motions over the test period were
very small, 4 km/day or less, directed west-
southwest (C1, 0.1 cm s™' toward 240°T; C2, 0.3
cm §7' toward 248°T). Tidal currents were on the
order of 1 cm s™', with comparable energy in

both the diurnal and semi-diurnal bands
(Aagaard and Haugen 1977). We have no
available wintertime current records for

Stefansson Sound. Site C3 was operated over a
52-day period between late July and late
September 1976 (Barnes et al. 1977) with the
meter installed 1 m above the bottom in 5.5 m of
water. The progressive vector diagram is also
complex with a dominant trend of approximate-
ly 307°T pointing toward the NW exit from
Stefansson Sound. The mean velocity was 13 cm
s”' and a peak velocity of 53 cm s™' was record-
ed.

We are, of course, interested in the mean flow
direction at the ice/water interface, which is not
necessarily the flow direction at the depths of
the current meters. Making a precise correction
to obtain the flow direction at the ice/water in-
terface is not a simple matter. Observations in
the Beaufort Sea at deep water sites far from
shore have indicated that the thickness of the
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boundary layer under the ice is roughly 30 m
(Hunkins 1974, McPhee and Smith 1975) and that
a good average value for the turning angle in the
Ekman spiral in the boundary layer is 24° to the
right going down into the water (McPhee 1978).
Even in deep water the correction from a 10-m
current direction to the direction at the
ice/water interface is not clear-cut in that some
velocity profiles have indicated significant turn-
ing angles between the base of the ice and 10 m
[16° (Hunkins 1974)] while other studies have not
(McPhee and Smith 1975).

It must also be remembered that, because the
total water depth at Sites C1 and C2 is approx-
imately the thickness of the boundary layer and
the spiral below the ice must join with the spiral
from the bottom, this could result in an in-
creased turning angle at 10 m. Whatever the
turning angle is, it is doubtful that it would be
larger than 24°. Therefore, on Figure 2 at each of
the current meter sites we have indicated the
10-m current direction (solid arrow) as well as
the direction of the current at the ice/water inter-
face (dashed arrow), assuming a turning angle
correction of 24°  The actual current direction at
the ice/water interface will lie somewhere be-
tween these two values. At Site C3 the turning
angle will probably be small because of the
shallow water depth (5.5 m). Considering the
nature of the data, the agreement between the
measured flow directions and the observed ice
crystal orientations is very good indeed. The
crystal orientations show a SW-NE orientation
offshore of the barrier islands similar to the
observed flow, and a NW-SE orientation in
Stefansson Sound which also parallels the
observed flow and agrees with the belief (Barnes
et al. 1977) that the currents within the sound
should generally be oriented parallel to the
isobaths, with a slight offshore component and a
net NW drift

The agreement between anticipated current
directions and observed crystal orientations in
the vicinity of Cross and the McClure Islands is
also excellent. At Cross Island (Fig. 8) the c-axis
alignments are such as to indicate flow around
the streamlined northern coast of the island
(Sites 2 and 10) and flow through the pass south
of the main island (Site 11). In the McClure
Islands (Fig. 9) the c-axis alignments also follow
the expected streamlines that would be pro-
duced by west-southwesterly flow around Nar-
whal Island (Sites 1, 5, 8, 13, and 15). There are
also alignments indicating flow parallel with the
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direction of the passes between islands (Sites 16
and 17), a southwesterly flow offshore of the
islands (Site 19) and a westerly flow within
Stefansson Sound (Site 18).

Barrow

Finally, the c-axis alignments we observed just
off the Chukchi Sea coast at Barrow are oriented
almost exactly parallel to the coast with a bear-
ing of 33°T. This orientation is in excellent agree-
ment with oceanographic observations, which
indicate a strong northeasterly current parallel
to the Chukchi Sea coast in the vicinity of Bar-
row (Continental Shelf Data Systems 1969, Huf-
ford et al. 1977).

When the combined observations on the
c-axis orientations in the sea ice from the Kara,
Beaufort, and Chukchi Seas are compared with
the anticipated current directions at the
ice/water interface at these same locations, the
agreement is excellent if it is assumed that the
favored c-axis alignments are parallel to the
direction of the current. Of the 54 different sites
that were examined, only three appeared
anomalous and these were all located in the
Kara Sea: two sites showed no alignments where
alignments might be expected, and one site
showed an alignment almost 90° to the expected
flow direction through Boris Vilkitski Strait. We
do note, however, that it is very easy to make a
90° error in the several steps that go between
removing a block or core from the ice and finally
obtaining the mean crystal orientation.

Even considering these apparent exceptions to
the “rule,” we believe that evidence clearly sup-
ports the working hypothesis that in sea ice the
origin of the preferred c-axis alignments in the
horizontal plane is primarily through a process of
geometric selection, with the favored crystals be-
ing those with their c-axes most closely aligned
parallel to the direction of the “long-term” cur-
rent at the ice/water interface.

Mechanisms

To understand how the current direction at
the freezing interface controls the direction of
the favored c-axis orientation, one must take a
detailed look at the nature of the crystal growth
process during the freezing of sea water. Sea ice
does not grow with a microscopically smooth
solid/liquid interface. Although detailed studies
have never been made of the interface geometry
during the formation of natural sea ice, casual
field observations combined with the results of
experiments on the freezing of salt solutions
(Harrison and Tiller 1963a, b) show the ice/solu-
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tion interface to be composed of a “forest” of
dendritic plates with each plate elongated
parallel to the basal plane Figure 13 is a
diagrammatic sketch of the situation. The
macroscopic interface is defined by the plane
specified by the tips of the dendrites. The inter-
dendrite grooves, which are filled with brine, ex-
tend well behind the macroscopic interface (~2
cm) before there is sufficient ice-ice bonding be-
tween neighboring plates to give the ice mass an
appreciable tensile strength It is the entrapped
brine between these plates that produces the
characteristic arrays of brine pockets that are
sea ice’s “trademark.” The cross-sectional pro-
file of each individual plate is probably nearly
parabolic, with the tip of the parabola pointing
downward [cross sections are definitely nearly
parabolic for individual dendritic plates growing
into supercooled solutions (Hillig 1968)].

/

‘ Current

X Direction

Figure 13. Sketch showing the interface geometry of
two crystals of sea ice oriented so that the c-axis in
one crystal (the left) is parallel to the current direc-
tion while in the other crystal (the right) the c-axis is
oriented normal to it. X and X indicate the loca-
tions of the schematic temperature and concentra-

tion profiles shown in Figure 14.

The formation of a stable dendritic interface
during the growth of sea ice is the result of a pro-
cess referred to as constitutional supercooling
(Tiller et al. 1953, Rutter and Chalmers 1953).
When ice forms from sea water, the rejection of
salt by the ice causes a solute concentration
maximum in the liquid next to the advancing
solid/liquid interface with the impurity level fall-
ing off to the bulk salinity of the ambient liquid
at a distance away from the interface. This
solute profile, via the phase relations, deter-
mines the equilibrium freezing temperature of
the liquid as a function of the distance ahead of
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the advancing macroscopic interface. If, as
shown in Figure 14, certain temperature profiles
occur in the liquid, a zone of constitutionally
supercooled liquid (i.e., the supercooling is the
result of the compositional profile) is produced
ahead of the interface. As a result, a cellular or
dendritic interface replaces a planar interface as
the stable interface form. The problem is why
does fluid flow normal to the planes of the pro-
truding ice dendrites (ie., flow paralle! to the
c-axis give a crystal a growth advantage relative
to an identical crystal oriented so that flow is
parallel to the ice dendrites. As best we know, it
1s only the orientation relative to the flow that
causes this difference; in all other respects the
two crystals are identical

There are several ways that such grain com-
petition mechanisms can operate (Harrison and
Tiller 1963a):

1. An anisotropic grain boundary groove may
allow one grain to expand at the expense of
another for equilibrium contact angle reasons
(Bolling and Tiller 1960).

2. An anisotropy in the effective thermal con-
ductivity may be produced as the result of dif-
ferent interface morphologies causing favored
grains to actually grow faster than their competi-
tors.

3. The interface temperature of crystals in dif-
ferent orientations may be different, causing an
interface step to form so that the leading grain
can encroach upon its neighbors.

THe first mechanism can only occur if the sur-
face energy is a function of crystal orientation
There is some indication that anisotropic grain-
boundary grooves may form between ice
crystals when the basal plane is “exposed’” at a
grain boundary (Ketchum and Hobbs 1969)
However, this cannot be important in the case
we are considering as the basal planes are align-
ed parallel to the grain boundaries. Also, we
would not expect the equilibrium contact angles
to be affected by changes in the flow direction

The other two mechanisms can occur in
several different ways. In considering some of
the possibilities, we will follow Harrison and
Tiller (1963a) by discussing first the factors that
control the conservation of heat at the
macroscopic interface, then the factors that con-
trol its temperature. The equation for the conser-
vation of heat at the macroscopic interface is

dT, dr1
Ki=g, + VAH =Ks o * )
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where K = thermal conductivity

T = temperature

v = freezing velocity

AH = latent heat of fusion

The subscripts S and L indicate solid and liquid
respectively and the length coordinate x is
oriented normal to the macroscopic interface as
showninFigure13.

One possible effect producing an anisotropy
in v would be an anisotropy in Ks. A mechanism
for such an anisotropy is readily apparent in that
the entrapment of brine between the plates of
ice that compose a sea ice crystal results in a
layered ice-brine aggregate with a much lower
effective thermal conductivity parallel to the
c-axis than perpendicular to it (Anderson 1958,
Weeks 1958, Schwerdtfeger 1963). This is un-
doubtedly very important in favoring the domi-
nance of c-axis horizontal crystals over c-axis
vertical crystals at the base of the transition
zone. However, we can see no reason why this
effect should give crystals with their c-axes
oriented parallel to the flow direction an advan-
tage over horizontal c-axis crystals in other
orientations. Other possible interactions men-
tioned by Harrison and Tiller (1963a) would be
caused by the effect of changes in interface
morphology on the temperature gradient in the
liquid (dT./dx) and on the degree of chemical

(Interface) O

segregation (AH). We believe that these effects
may not be important in our problem as there is
no obvious change in interface morphology with
c-axis orientation within the horizontal plane.

The interface temperature T, can be expressed
as follows

Ti=Tm+ mC,— (y/AS)K, — (V/u) (2)
where
T. = melting temperature of the pure
material
m = liquidus slope for the solute

solute concentration at the inter-
face
Y solid/liquid interfacial energy
AS = entropy of fusion per unit volume
K. = curvature of the main interface
u; = atomic kinetic coefficient for the
freezing process.
Clearly there are a number of factors that can af-
fect T, if we were concerned with competitive
growth between c-axis horizontally and vertical-
ly oriented crystals. However, because all our
c-axes are horizontal and we are only concerned
with growth parallel to the basal plane, we
would expect y and y, to be essentially constant.
It should be mentioned here that recent ex-
perimental studies on the growth of ice den-
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Figure 14. Schematic diagrams showing the assumed composition C and
temperature T profiles associated with fluid flow parallel || and perpen-
dicular L to the c-axis. The subscripts L, s, and i indicate liquid, solid
and interface respectively. The thickness of the diffusion limited
boundary layer is given by 6. The step produced at the interface by the
different values of C“,," and Cy, is also shown.
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drites in the basal plane, although in disagree-
ment as to the best means of modeling the heat
transfer between the growing dendrite and the
surrounding water, agree that the rate of ice
growth is governed only by the rate of removal
of latent heat from the freezing interface (Fer-
nandez and Barduhn 1967, Vlahakis and Bar-
duhn 1974, Simpson et al. 1975). This is in con-
trast to the slower growth normal to the basal
plane which appears to be controlled by a sur-
face reaction involving 2-D nucleation or a
screw dislocation mechanism.

We suggest that the mechanism most likely to
produce the aligned crystals works through the
control that the current direction has on the
composition of the liquid at the dendrite tips
and thus on the interface temperature. If the
flow direction is parallel to the basal plates, then
a stable boundary layer can build up along the
dendrite tip. If, on the other hand, the flow is
perpendicular to the plates, mixing will be
enhanced at each plate tip and the thickness of
the diffusion limited solute boundary layer d will
be reduced. Taking as a hypothesis that this oc-
curs we can examine how much reduction in d
would be required to produce a significant
“step’” at the interface that could give a growth
advantage to a crystal oriented with its basal
planes normal to the flow direction. This ques-
tion can be examined in a rough manner by using
the relation developed by Burton, Prim and
Slichter (BPS) (1953) to give the solute distribu-
tion in the liquid ahead of a growing crystal
when convection is occurring in the liquid:

(Ceey — Csy)Co — Csm) = exp (vd/Dy) (3)

where C,,, and Cs,, are the compositions of the
liquid L and the solid S at the interface i, C, is the
composition of the liquid (assumed to be 35 %)
at a distance 2d ahead of the interface, v is the
growth velocity, d is the thickness of the bound-
ary layer and D, is the diffusion coefficient for
salt in seawater

The BPS relation has been applied successful-
ly to numerous problems in the solidification of
alloys (Flemings 1974) and to the entrapment of
brine in sea ice (Weeks and Lofgren 1967, Cox
and Weeks 1975). In the latter series of ex-
periments, the ratio (¢/D,) was determined to
have the value 7.243 xX10* s m™'. If D,27 X10™*
m? s' (Fofonoff 1962) then the thickness of d
could be taken as ~5 mm. We believe the actual
value of d to be less than 5 mm in that Ter-
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williger and Dizio (1970) have measured d values
of ~0.7 mm when salt solutions were frozen
under conditions where convection does not oc-
cur. When convection does occur the values
would be expected to be even smaller. Kvaji¢
and Brajovi¢ (1970) suggest a value of 0.6 mm or
less. This is in agreement with d value estimates
made for other systems in which convection oc-
curs (Wilcox 1960, Sharp and Hellawell 1970).

In applying the BPS relation to a situation
where the interface is cellular, there is also some
question as to the appropriate value to use for
Cs(,). Because there is no bulk entrapment of salt
at the cell tips we will assume that the
equilibrium partition coefficient k,<107*(Har-
rison and Tiller 1963b), which for our purposes is
equivalent to setting Cs,; = 0. A rough estimate
of v at the time we obtained our ice samples can
be made by considering representative ice
growth observations made in the Canadian Arc-
tic (Bilello 1960) and the air temperatures in our
study area; 20-cm ice growth in 30 days gives
vug X10°* m s™'. Knowing v, D, and C, we can
then use the BPS equation to give the change in
(Ceiy — C,) as d decreases. Under the growth
conditions in which we are interested (C.;; — C,)
decreases in a near-linear manner with d from
slightly over 2 %o at d =5 mm t0 0.04 % atd =
0.1 mm. We can also estimate the “step” height
between a crystal growing with its c-axis perpen-
dicular to the flow and having a fully developed
boum\iary layer and a neighboring crystal
oriented so that flow is parallel to the c-axis and
across the tips of the cellular plates resulting in a
reduction in d. To do this we need to know the
slope of the liquidus curve from the phase
diagram (m~0.054°C g salt™' kg brine™') and the
temperature gradient in the ice sheet (~28°
across 180 cm of ice or 15.6°C/m). Figure 15
gives the “step” height as a function of the
percentage reduction in the boundary layer
thickness. What ““step” height is high enough to
result in a significant advantage for the favored
crystal? This can only be answered by ex-
periments. However, we would guess that a frac-
tion of a mm “’step” would be a significant ad-
vantage.

Although the exact numbers we have
presented are not important, we believe that
Figure 15 suggests that small differences in d,
which presumably could result from different
current directions relative to the orientation of
the basal plates of the growing sea ice crystals,
can give the favored orientation a definite




e

8=5mm

Step Height (mm)
n

I T

—

- 05 |
ol

‘ 1 I
1 ¥ I i I

0 20 40 60 80
Reduction in Thickness of O (%)

Figure 15. Step height at the growing interface
resulting from different percentage reductions
in the thickness of the diffusion limited bound-
ary layer, 8. The different curves assume the
tully developed boundary layer to have thick-
nesses of 0.1, 0.5, 1.0 and 5.0 mm as indicated.

growth advantage (step height) at the interface.
If a crystal extends ahead of another it can grow
laterally and expand its territory at the other
crystal’s expense. The orientation that is most
favored (i.e., extends farthest into the liquid) is
that with the c-axes parallel to the current direc-
tion at the interface. This result is, of course, in
agreement with our field observations.

The flow of fluid against the upstream sides of
the crystals that extend farthest into the melt
would also result in the enhanced lateral growth
of these crystals into the current inasmuch as
the flow will wash the rejected salt preferential-
ly away from the upstream sides of these den-
drites. If this impinging liquid is constitutionally
supercooled as the result of the impurity
buildup ahead of the advancing interface, then
the lateral growth of these favored crystals at
the expense of other less favorably oriented
crystals will be particularly enhanced (Miksch
1969).

CONCLUSIONS AND CONSEQUENCES

In this paper it has been shown that the fast (or
near fast) ice along the Alaskan coast of the
Beaufort and Chukchi Seas and in the Kara Sea
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off the U.S.S.R. is composed of crystals having
striking preferred alignments within the horizon-
tal plane. These alignments develop through a
process of geometric selection in which crystals
in the favored orientation eliminate cystals with
less favored orientations by growing laterally
and cutting them off from the melt. Although
preferred crystal alignments may be present in
the upper few centimeters of a sheet of sea ice,
alignments gradually become better defined
toward the bottom of the ice sheet. The patterns
of the crystal alignments around islands and in
passes between islands and the good agreement
between alignments and the few long-term cur-
rent measurements that are available suggest
that the preferred orientations have their c-axes
aligned parallel to the direction of the current at
the interface. This correlation is discussed in
terms of grain competition mechanisms in
general and is believed to be the result of
changes in the thickness of the diffusion-limited
boundary layer with changes in the flow direc-
tion across the interface (when flow is normal to
the planes of the tips of the protruding cells,
mixing is enhanced and the boundary layer
thickness is minimized). This, in turn, causes less
buildup of solute at such interfaces and allows
them to grow slightly ahead of their less
favorably oriented neighbors. In addition, the
movement of supercooled liquid along the inter-
face favors enhanced lateral growth of the ad-
vanced crystals. The result is an ice mass com-
posed of columnar crystals that have their c-axes
aligned parallel to the mean flow direction.

There are a number of important conse-
quences that would appear to follow from these
observations:

1. Crystal alignment should occur at any site
where there are significant currents, provided
the ice grows thick enough for the alignment to
develop. Therefore, we would expect such
alignments to be typical at most fast ice loca-
tions. It is also quite possible that alignments
will form even in pack ice areas such as the
Beaufort or Kara Seas provided the ice motions
during the winter are small.

2. Crystal alignment can be used to map cur-
rent patterns in fast ice areas. For instance,
Cherepanov’s (1971) crystal alignments probably
provide the best available data on current direc-
tions under the ice in the Kara Sea. The use of
such alignments could be very valuable in
oceanographic reconnaissance studies of the
Canadian Archipelago where current informa-
tion is, at present, both extremely limited and




difficult to obtaif because of the nearly con-
tinuous ice cover. However, at present sup-
plementary current measurements or model
calculations would have to be used to obtain
directions and speeds of the currents.

3. The preferred orientations are so pro-
nounced that the sea ice should act as a giant
single crystal even though the actual grain sizes
are only a few centimeters. This has a number of
important consequences.

a. Assuming generally long-shore currents
near a coast, the resulting fabric will cause the
ice to have its direction of maximum tensile
strength oriented normal to the coast.

b. The hard-fail compressive strength of
such oriented ice would be approximately three
times the easy-fail compressive strength (Peyton
1966). (This would undoubtedly have to be con-
sidered in any design calculations in which the
compressive strength of fast ice was important.)

¢ The orientations would cause effects
related to the thermal expansion and contrac-
tion of the ice to be directionally dependent.

d. The directional dependence of both the
strength of the radar return from sea ice (Camp-
bell and Orange 1974) and the effective DC
resistivity (Kohnen 1976) is undoubtedly, as sug-
gested by these authors, caused by the aligned
crystal orientations. (It should, therefore, be
possible to use such techniques to indirectly
determine the degree of crystal alignment.)

4. There is some indication (Martin 1977) that
aligned ice is capable of entrapping more spilt
crude oil than non-aligned ice. Although it is not
presently apparent to us why this should be the
case, if this result can be verified, it may prove
to be important in designing oil clean-up pro-
cedures for ice-covered areas.

5. The knowledge that fluid flow exerts such a
strong effect on crystal orientation may well
prove useful in laboratory studies of the
solidification of other materials and in the
design of solidification procedures for industrial
uses.

To verify and clarify the explanations and
queries raised in this paper will take additional
field measurements. We plan to start these
studies by undertaking observations along the
Alaskan Arctic coast between Barter Island and
Kotzebue during the late winter of 1978. There is
also a need for a more realistic theoretical
analysis of possible processes that could con-
tribute to the alignment as well as complemen-
tary experimental studies. Whatever the cause
we feel that there is little doubt that strong c-axis
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alignments within the horizontal plane are a
fact-of-life that will have to be incorporated into
the thinking of investigators concerned with the
processes and properties of sea ice.
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