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THE INTERNAL STRUCTURE OF FAST ICE NEAR
NARWHAL ISLAND, BEAU FORT SEA, ALASKA

Anthony J. Cow and W. F. Weeks

INTRODUCTION samples with fresh water to prevent them from sltppusg
off the glass plates.

During recent studies of the large- and small-scale A Rigsby stage with a 10- x12 5.cm press-type
motions of the nearshore ice in the Beaufort Sea camera mounted above it was used to examine crystal.
(Weeks et al. 1977), the opportunity was taken to line texture and fabrics in the thin sections of sea ice .
examine the internal structure of the ice sheet itself . In addition to providing a permanent record of tex tu re,
Field operations were centered around Narwhai Island, the thin section photographs were also used to meawre
a barrier island located on the edge of the Arctic Ocean crystal size variations and platelet spacings in the ice
approximately 20 km north-northeast of Prudhoe Bay, shcet. C (optic)-axis orientations were obtained en-
Alaska. Pressing commitments to other parts of the tirely from measurements on horizontal thin sections
ice dynamics program restricted examination of sea Sections from all bottom cores and from as many as
ice structure to just one location situated in fast ice 5 separate sections, selected randomly from the 1-rn 2

about 200 m north of Narwhal Island (70°24’N, area of the oriented ice block, were used to determine
147 °32’W). However , the results of this investigation fabric patterns. A near.vertical orientation of brine
are considered suff iciently interesting to merit publica- platelets in the bulk of the ice further facilitated
tion at this time, measurement of the c-axes, which in crystals of sea ice

are always oriented perpendicular to the platelet
SAMPLING AND ANALYTICAL PROCEDURES structure.

Samples were obtained from large (1 m2 ) blocks of
ice harvested from a pit excavated to a depth of 1.5 RESULTS
m, and extended to a depth of 1.9 m (within 25 cm
of the bottom) by core drilling. The azimuthal Brine drainage features are best observed in vertical
orientations of the ice blocks and the cores were care- thick sections. Some typical examples from several
fully determined before removal. Errors in measure- different levels in the fast ice near Narwhal Island are
ment of the aximuth were estimated not to exceed given in Figure 1. Vertical channelization of brine
± 3°. A total of S blocks and 5 bottom cores were drainage features is extensively developed. The same
harvested. sections also reveal some horizontal banding, espedally

Gross structural features of the ice, such as banding in the top 15cm of ice (see also Fig. 3a). This banding,
and brine drainage channels, were exam ined using which is primarily associated with abrupt changes in

thick (1-cm) vertical slabs placed on a sheet of black the size and/or orientation of the crystals, is believed
flagging material and photographed in reflected sun- to be largely caused by variations in the growth rate ol
li ght. The bulk of the structural studies were per- the sea ice. Except for these bands and a very dis-
formed using thin sections prepared in the field. Slices tinctive bubble layer at 23-24 cm, banding was weakly
of ice measuring lOx lOx 1cm were frozen onto glass developed in the ice examined. This is somewhat un-
plates and sectioned on a microtome to a thickness of usual as most previous observations have revealed wide-
0.3 to 1 .0 mm, depending on the mean cross-sectional spread banded structure in arctic sea ice (e.g., Benning-
size of crystals in the ice. Prior to sectioning, it was ton 1963).
usually necessary to freeze down the edges of the
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FIgure 1. Brine drainage patterns In vertical sections of
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sea icr from Ntiwltol Island. Note also the faint bonding
In the tw~ top sections and a dlstlncth’e layer of bubbles
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FIgure 2. ke salinity profiles from two cores drilled approximately
3m apart, 18Apr11 1976, near Narwhal Island, Beau fort Sea, Alaska.

Salinity profiles from two ice cores drilled approxi- This region corresponds to the so-called transition zone
mately 3 m apart are shown in Figure 2. These pro- of Percy and Pounder (1958). The banded nature of
files are fairly typical for first-year ice of this thick- the ice in this transition zone is also clearly delineated
ness in that their only striking feature is the sharp in- by distinctive changes in the textural characteristics of
crease in salinity in the lower portions of the profiles. the crystals. These transitions, which are also associ-
The average salinity of the cores is slightly higher than ated with distinctive changes in crystal fabrics, can be
values reported by Cox and Weeks (1974) for ice of summarized as follows:
the sante thickness (5.5 0/00 as opposed to 4.4 0/a), 1, The topmost layer, extending from the surface

A vertical thin section profile demonstrating crystal to 3.5-cm depth, is very bubbly and fine-grained (cross-
texture and fabric variations in the top 30 cm at Nat- sectional dimensions of crystals generally less than 2
whal Island is shown in Figure 3a. This 30-cm section mm) and is composed of crystals with randomly oriented
contains all the major transitions in texture, most of c-axes. Although this layer originated either as slush
which actually occur within the top 13-14 cm of ice. ice or as infiltrated snow ice, its exact origin could not

3
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FIgure 3. Crystal textures and fabrics of sea ice near Narwhal Island, Beau-
fort Sea, Alaska. Textures photographed between crossed polaroids~ a)
contains continuous vertical sec tion from surface to 30 cm. All other
photographs in a and b obtained from horizontal thin sections; scale as in-
dicated in section from 3cm. Note intermixing of tabular crystals (verti-
cal c-axes) and columnar crystals (horizontal c-axes) at 5 and 8 cm. The
large dots in the fabric diagrams indicate the largest crystals present in the
thin sections. The c-axes of these crystals tend to be more tightly clustered
than those of the smaller crystals, This may Indicate that the large crystals
have grown at the expense of the less strongly oriented smaller crystaIs~
Arrows at the top of each fabric diagram indicate the direc tion of true
north.

5
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be evaluated from salinity measurements. Oxygen 
~~~~ ~~• ~~~~~~~~~isotope (“Op’O) analyses (though not performed in 

0?  oe
this instance) would almost certainly have resolved 1 : ~.
this question of origin, since snow ice , being d~- roed
largely from atmospheric mater ial ~~~~~~~ would be
appreciably more depleted in “0 than slush ice . -

formed substantially from direct crystallization in sea PO g.(1966) No’&~o’ Iwater .
2. The next layer, extending from 3 5  to S m , in-

cludes in its upper part large tabular crysta ls up to 3 ,o, - -
cm in diameter (indicate d by the open circles) that
show a mosaic texture and have predominantly c-axis ,~
vertical orientation. A z a depth of about 4.5 cm,
these large mosaic crystals become intermixed with i~,i - -
columnar ci , stals exhibiting mainly horizontal c-axes.
This is clearly demonstrated in the fabric pattern at
5-cm depth . By a depth of 8c m , only a t t -ss remnant
c-axis vertical crystals remain . Some fin e banding, 20C - -

_S_._S_~_ i i  I I I  i i i . . . .  a . .indicat ive possibly of reversa ls in crystal fabric , was •~ ~~~~ ~~~~ M o nl i t on l i 9 ~ 2)
observed between 8 j rid 13 cm. Vertical brine drain-
age is less extensively developed in this region than FIgure 4. Subcrystol p/ate width vessus depth
above or belos~ it. A rapid transformation to a totalf~, of ke or Norv.,’,al Island. Curve (Polge 1966)
elongate-prismatic crystal textur e which has occurred wos generalized from profiles obtalned from
by about 14cm appears to mark the end of the several different locations in McMurdo
transition zone. Sound, Antarctica.

3. At a depth ot 14cm , the fast ice at Narwhal
Island is composed comp !etcts of crystals with their
c-axes oriented substantially within the horizontal cm (F ig, 3b) and this orientation is maintained to a
plane of the ice sheet. However , the distribution of depth of at least 183 cm. As indicated in the caption
c-axes within the horizontal plane appears to be of Figure 3, the larger crystals tend to be more strongly
essentially random, oriented than the smaller crystals in the same section.

4. Vertical thin sections show that below the Crystal fabric measurements were terminated at 183 cm
transition zone individual crysta ls extend downwards because of a lack of suitably oriented samples from the
for 10cm or more (some probably extend completely deeper ice. However , the near-parallel arrangement of
to the bottom of the ice sheet). The largest crystal platelike crystals observed in cores from a hole that
diameters occur immediately below the transition penetrated the bottom ice would indicate that this
zone (that is 14 to 30 cm below the upper surface of azimuthal alignment of crystallographic c-axes also cx-
the ice sheet) where maximum cross-sectional dimen- tends to the bottom of the fast ice at Narwhal Island.
sions occasionally reach 5 cm. In general, cross-sect ional The only aspect of sea ice substructure that might
dimensions do not exceed 2-3 cm, and although small be systematically related to the freezing velocity of sea
fluctuations in mean diameter do occur at several water is the so-called plate width, as determined from
levels, no really systematic changes in crystal size were the spacing (measured parallel to the c-axis) between
observed in the lower two-thirds of the ice sheet. How- adjacent brine layers trapped in the crystals of ice. In
ever, as seen in horizontal sections, crystals do tend to this context each single crystal of sea ice may be con-
be elongated in the direction normal to the c-axis sidered as a packet of plates separated one from another
(parallel to the plane of the plate-like substructure). by arrays of brine pockets. Weeks and Hamilton (1962)
A similar elongation has been noted in a study of sea reported a generally linear increase in average plate
ice at Barrow, Alaska (Weeks and Hamilton 1962). width with depth in 30-cm-thick sea ice at Point Barrow,

5. As the fabric pattern at 26 cm clearly illustrates, Alaska. Paige (1966) also observed a progressive increase
ice crystals at this depth within the ice sheet no longer in plate width in 3-rn-thick ice in McMurdo Sound,
have their c-axes randomly distributed within the Antarctica. Both sets of data are reasonably compati-
horizontal plane. A preferred orientation of c-axes ble with the observatio,s made on NaCI ice by Lofgren
(approximately east’west) is firmly established by 66 and Weeks (1969) which indicated that plate width

6
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increases as growth velocity decreases coupled with the (1971), who observed conditions of near -tonsteot
fact that in general growth velocity would be expected crystal orientation over areas of hundreds of square
to decrease with increasing thickness of ice. kilometers in the K.ara Sea. He observed two principal

However, as indicated in Figure 4, no such system- directions of spatial alignment of crystals. He suggested
atic increase in plate spacing is observed in fast ice at that these preferred crysl.al orientations may have been
Narwhal Island where plate width appears to fluctuate due to the influence of the earth’s magnetic field either
about a mean value of 0.7 mm and actuall y decreases directly or by a coupling with the potential difference
in the lower part of the ice sheet. These data might that is known to be established bet ween the liquid and
indicate a fluctuating pattern of ice growth at Narwhal solid phases during freezing. No details were given as
Island, including an increase in growth velocity near the to how this coupling might work , or why a nonfern~-
bottom. However, this latter behavior would be cx- magnetic substance like ice should reac t so strongly to
ceptional considering the thickness of the ice sheet the earth’s magnetic field.
and its insulating nature. Relating the various elements
of substructure to the growth history of thick sea ice
is of more than academic interest since the mechanical CONCLUSIONS
properties of sea ice, espec ially its strength, are known
to vary with position in the ice sheet. Some of this Measurements of salinity, grain size, substructure
variat ion must depend in part on both the plate spacing dimensions and crystal orientation were obtained on a
and the degree of alignmen t of the plates, large 1- xl -m block of undeformed 2.1 5-ni-thick first-

year sea ice near Narwhal Island, Beaufort Sea, Alaska.
Crystallographic studies show a dominant c-axis hon .

DISCUSSION zontal structure in all ice below 14 cm including trans-
formation to a pronounced east-west alignment of the

The authors are fully aware that their observations c-axes by a depth of 66 cm. Although the maximum
have only shown that, in the lower 1.50 m of 2.15-rn- cross-sectional dimensions of crystals do not generally
thick first-year ice at one site north of Narwhal Island, exceed 2to  3cm , the degree of crystal alignment is
the sea ice crystals are all oriented so that their c-axes undoubtedly sufficient to cause significant changes in
are wi thin a few degrees of each other in the horizontal the properties of the ice with changes in direction.
plane. The exact size of the area of ice that has the The areal extent of oriented crystal structure in fast
same (east-west) crystal orientation is not known, only ice near Narwhai Island cannot be determined from
that the area is larger than 1 m2. studies at a single location. However, the published

Peyton (1963, 1966), Smith (1964) and Cherepanov observations of several other investigators lead us to
(1971) among others have also reported instances of a believe that the development of oriented domains in
strong axial alignment of c-axes in arctic sea ice, sea ice is common and that the domain size may be
According to Smith (1964), old sea ice incorporated very large (tens or even hundreds of square kilometers).
into ice island Ar lis II may exhibit near perfect align- If such strong ice fabrics are typical at near coastal
ment of the c-axes over areas as large as 10 m on a side. locations, it will prove necessary to take this factor into
Peyton (1966) reports examining a 3x3-m block of account in th~ design of offshore structures for ice
1.6-rn-thick sea ice and finding that the bottom meter covered waters. For instance, the “hard fail” compres-
exhibited a constant c-axis orientation over the entire sive suength of sea ice is approximately 3 times the
9-rn2 cross sect ion. Whether or not these large areas “easy fail” strength (Peyton 1966). Also, recent studies
are composed of a single crystal of ice is not made en- of Martin (1977) indicate that such “oriented” ice is
tirely clear, but this certainly is not the case at Narwhal highly effective in entrapping spilt crude oil.
Island where individual crystals (even those of closely Follow-up studies of preferred crystal orientations
matching orientation) can easily be delineated under in the fast ice in the general vicinity of Narwhal Island
crossed polaroids. Indirect evidence of the existence have iust been completed. Preliminary analysis of the
of more extens ive areas of near-perfect crystal align- field data now suggests that the dominant direction of
ment is reported by Campbell and Orange (1974), who crystal alignment at any location is controlled by the
suggest, from studies of the electrical properties of ice long-term mean current direction at the ice/water inter
in the Canadian Arctic, that oriented crystal structure face.
may extend over distances on the order of kilometers.

Perhaps the most remarkable report of preferred
c-ax is alignments in sea ice is that of Cherepanov

7



- -
~~~~

-
~~~~

-
~~~~~~~~~

-
~~

LITERATURE CITED

Bennington , K.O. (1963) Some c rys ta l growth feature s of sea
ice. Journal of Glaciology, vol. 4, no. 36, p. 669.688.

Campbell, K.). and AS. Orange (1974) The electrical
anisotr opy of sea ice in the horizontal plane. Journal of
Geophysical Research, vol. 79, no. 33 , p. 5059-5063,

Cherepanov, N.y. (1971) Prostranstveianaya uporydadochennost’
kristallicheskoy struktury morskikh l’dov (Spatial arrange-
ment of sea ice crystal structure). Problemy 4rhtl*i I
.4ntarhtlhl, vyp. 38, p. 137-140.

Cox, G.F.N. and WE. Wee ks (1974) Salinity variations in sea
ice. Journal of Gixiology, vol. 13, no- 67 , p. 109-120.

Lofgren, 6. and W .F. Weeks (1969) Effect of growth param-
eters on substructure spacing in NaCI ice crystal s, Journal
of Glaciology, vol.7, no. 52 , p. 153-63.

Martin , S. (1977) The seasonal variation of oil entrainme nt in
first year arctic sea ice: a comparison of NORCOR/OCS
observations. University of Washington, Department of
Oceanography Special Report No. 71 , 27 p.

Paige, R.A. (1966) Crystallo graphic studies of sea ice in
McMurdo Sound , Antarctica. U.S. Naval Civil Engineering
Laboratory Technical Report R.494, 31 p.

Percy , F.G .L. and E.R. Pounder (1958) Crystal orientation in
ice sheets. Canadian Journal of Physics, vol . 36, p. 494-
502.

Peyton, H.R. (1963) Some mechanical properties of sea ice.
In Ice and Snow-Processes, Properties and Applications
(W .D. Kingery , Ed.), Cambridge, Mass.: MIT Press,
p. 101-113.

Peyton , H.R. (1966) Sea ice strength . Univer s ity of Alaska ,
Final Report , Office of Naval Research Contrac t NONR-2
601(01), 285 p.

Smith , D.D. (1964) 1cc iithologies and structures of ice stand
Ar lis II. Journal of Glaciology, vol . 5 , no . 37 , p. 17 -38.

Weeks, W .F. and W.L. Hamilton (1962) Petrographic char acter-
istics of young sea Ice , Point Barrow , Alaska. ~RREL
Research Report 101, 11 p. AD 294162. Also pub lished
in American Mineralogist, vol. 47 , p. 945-961.

Weeks, W.F., A. Kov acs , S.). Mock , W .B. Tucker lii , W.D.
Hibler Ill and A.) . 60w (1977) Studies of the movemen t
of coastal sea ice near Prudhoe Bay, Alask L Paper pre-
sented at the international Symposium on Applied
Glacio logy, 12-17 September 1976 , Cambridge , England,
and accepted for publication in Journal of Giacioiogy,
vol . 19, no . 81.

8
* *1 2. OOV? P~~INYING OFFIC I 377 701.201 II! 

--~~~~~~~~~~~~~~~~~~~~~~ -


