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Physical and Structural Characteristics of Weddell Sea Pack Ice

ANTHONY I. GOW, STEPHEN F. ACKLEY, KURT R. BUCK AND KENNETH M. GOLDEN

INTRODUCTION

Recent studies by CRREL researchers of the dy-
namics and thermodynamics of sea ice in the Ant-
arctic have included investigations of the physicai
and structural properties of pack ice in the Wed-
dell Sea. The formation of pack ice and iis subse-
quent movement from source areas in the Weddell
Sea is particularly important in modifying ocean-
atmosphere and water mass development both in
and beyond the Weddell Sea embayment. The
pack ice area affected by Weddell Sea processes is
8-10 million square kilometers {Ackley 1979a),
thus representing about one-third of the total area
0s sea ice encircling Antarctica at ils maximum ex-
fend.

The current siudies, conducted during February
and March 1980, the latter part of the austral sum-
mer, represent the most comprehensive investiga-
tions yet made of Antarctic pack ice. The overall
scope of this research, including some results of
earlier work, is reported in Ackley (197%9a, b,
1981), Ackley et al. (1978, 1980) and Gow et al.
(1981, 1982). In this report we describe, in greater
detail, the physical properties and structural char-
acteristics of 66 individual ice floes in the Weddell
Sea. Our observations have produced some sur-
prising results that show that, in both its structure
and its salinity characteristics, Weddell Sea ice dif-
fers appreciably from sea ice of comparable age
and thickness in the Arctic.

SEA ICE STRUCTURE
AND CLASSIFICATION

The general belief has been that most sea ice is
congelation ice; that is, it is formed by direct
freezing of seawater to the underside of the ice
sheet. Such growth typically yields ice with col-
umnar-shaped crystals that exhibit a characteristic
substructure of ice plates and brine lamellae (Fig.
1). This substructure, the trademark of congela-
tion sea ice, results from the dendritic ice growth

interface that forms in response 1o the needs of the
constitutional supercooling of sea water, caused
by the build-up of brine at the ice/water interface.
Since the ice lattice can tolerate only minimal in-
clusions of salt, the structure of the ice/water in-
terface 15 forced to change from a planar o a den-
dritic morphology. 1n this way excess brine at the
interface becomes systematically incorporated in
the spaces between the pure ice dendrites. Contin-
ued growth of the ice leads to the formation of
vertically elongated columnar crystals composed
of packets of dendrites (ice plates) with layers of
brine inclusions (brine lamellae) sandwiched be-
tween the plates. This arrangement of brine layers
in the vertical direction, which also corresponds to
the dominant direction of heat flow in the ice, is
the structual feature that controls the migration of
brine and hence the changing salinity distribution
in sea ice as it ages. Initial salinity values depend
mainly on the freezing velocity of the seawater.
Salinity and freezing velocity are related: the fast-
er the growth, the higher the salinity.

Granular sea ice, which includes frazil as well as
snow ice, is commonly assumed to be of very re-
stricted occurrence in undeformed ice sheets and
fioes. Frazil results from the free nucleation of
crystals in the water column. The crystals then
freeze together to form frazil ice, which is relative-
Iy easy to distinguish from congelation ice on the
basis of its generally fine-grained, equidimension-
al texture, together with the absence of a brine
lamella and ice plate substructure (Fig. 2). Since
frazil is generally believed to be produced by tur-
bulence in the water column, it should be restrict-
ed to ice edges, leads and polynyas (large open
areas in the pack ice). In the Arctic, frazil ice typi-
cally occurs in the top 20 cm or so of the ice sheet,
so it is generally associated with the earliest stages
of ice sheet growth. According to Martin (1979)
frazil ice accounts for only 5-10% of the ice sheet
thickness in the Arctic, and the studies of Weeks
and Gow (1978, 1980) confirm this, at least for
fast ice and near-shore ice in the Beaufort and
Chukchi seas.



Figure 1. Examples of vertical (A} and horizontal (B and C} thin sections of congela-
tion seq ice photographed between crossed polaroids. Section A demonstrates the col-
umnar texture of crystais and the tubular nature of brine inclusions in warm sea ice. Section B
ilustrates the brine layer and ice plate substructure of sea ice crystals, In the magnified Section
C, b and p denote a brine layver and an ice plate, respectively. The scale subdivisions measure |

Figure 2, Exampiles of variable grain size and
texture in frazil ice in Weddell Seqa pack ice.




Figure 3. Examples of variable
nature of grain size and fex-
ture in snow ice in Weddell Sea

pack ice.

Another component of granular ice is snow ice,
formed when snow containing interstitial water
{derived from meltwater, rain or seawater) freez-
es. Such ice is necessarily restricted to the top of
the ice sheet and it can usually be distinguished
from frazil ice by its texture; snow ice tends to be
more bubbly and coarser grained than frazil ice
(Fig. 3).

Ice floes are generally classified as first-year,
second-year or multi-year ice. For this report we
define multi-year ice as all ice that has survived at
least one melt season. This conforms to the broad-
er usage of the term as it is applied by most of to-
day’s specialists,* though it differs from the
WMO definition (WMOQ 1956), which would re-
strict the term multi-year to ice that has survived
two or more melt seasons. Ice that has survived
one melt season is called second-year ice. First-
year ice is ice that has survived just a single
winter’s growth.

* This usage is justified because it is generally difficuit to dis-
tinguish second-vear ice from older ice using just surface obser-
vations. However, salinity and structure analyses of cores usu-
ally permit such distinctions 1o be made,
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Figure 4. Locations of the primary seq ice
sampling sites {circlesj. Data buoys used for
satellite monitoring of drift and deformation
of the pack ice in the Weddell Sea are indicated
by trigngies.

LOGISTICS AND FIELD OPERATIONS

Weddell Sea pack ice was investigated in Febru-
ary and March 1980, using helicopters aboard
USCGC Polar Sea to collect core samples from
drifting floes located along a north-south transect
that covered approximately 600 nautical miies
from 64°S to 74°8 latitude at roughly 40°W longi-
tude (Fig. 4}. Two teams, the one lead by 8. Ack-
ley and the other by A. Gow, were deployed to ob-
tain samples from as large and representative a se-
lection of ice floes as possible. This selection in-
cluded both first-year and multi-year ice floes,
with the higher freeboards of the latter usually
serving to distinguish them from first-year floes.
This proved to be the only reliable method of iden-
tifying multi-year floes, since multi-year floes in
the Weddell Sea lacked the summer surface melt
features that characterize multi-year floes in the
Arctic. Sampling sites were identified by Julian
day and a site number keved to the name of the
twe team leaders. For example, the designation
60-G-2 means this particular core was coliected by
Gow’s team from the second site visited by the
team on Julian day 60.



Figure 5. Coring ¢ multi-year floe. Also shown is the insulated split-tube core
sampler used for measuring ice temperatures and for cutting cores for salinity meas-
urements.

A total of 66 ice floes, including 14 multi-year
floes, were successfully penetrated by drilling with
a 7.5-cm-diameter CRREL coring auger (Fig. 3).
At several sites two or more cores were drilled to
examine variations in the salinity, fluorescence
and structure profiles at closely spaced locations
(such cores were generally located within a few
meters of one another). This brought the number
of cores to 77, from which 76 salinity profiles, 68
fluorescence profiles and 75 structure profiles
were obtained. A total of 142.16 m of core was re-
trieved. The precise locations of sites were estab-
lished by fixes between the ship and the helicopters
as they hovered over the ice floes.

Of the 66 floes we sampled, 52 (79%) consisted
of first-year ice, and the remaining 14 (21%) were
identified as muiti-year ice. However, the size of
the floes was so variable that it would be incorrect
to conclude that these percentages are representa-
tive of first-year and multi-year ice concentrations
in the Weddell Sea pack.

On-site investigations included estimates of the
floe size, photographic documentation of the size,
shape and surface characteristics of the floe,
measurements of the snow thickness, and a cur-
sory examination of the cores, The cores were in-

spected for layering related to structural banding
and algas incorporation, brine drainage features
such as channeling and cavities, and other distin-
guishing features. Where duplicate cores were
taken, one was usually sectioned on site at [0-cm
intervals for salinity measurements. Most of the
remaining cores were split lengthwise onboard the
Polar Sea, where salinity measurements and pre-
liminary examination of the ice structure were also
made. The remaining half cores, together with
several whole cores, were returned to CRREL for
further analysis.

About 80% of the floes we drilled were small- to
medium-sized floes (30-500 m in diameter). The
remaining 20% were up to 3 km in diameter but
also included two giant floes that exceeded 20 km
in their longest dimensions.

The thickness of snow on top of the floes ranged
from 2 to 56 cm at drilling sites. The snow cover
tended to be heaviest on floes thicker than 4 m,
The snow was generally dry, though evidence of
metamorphism and recrystallization, leading to
substantial increases in grain size, was widespread.
Occasional wet snow could usually be attributed
to infiltration of seawater. We observed little or
no evidence of surface melting.




ANALYTICAL TECHMNIQUES

Salimity

Salinity was determined by measuring the ionic
conductivity of melted samples of sectioned cores.
Measurements were made with a iemperature-
compensating Beckman Solubridge that was per-
iodically calibrated against solutions prepared
from Copenhagen Standard Seawater {chlorinity
of 19.373%,). Individual determinations are con-
sidered accurate to within 0,2%,,

Crystalline structare

The crystalline structure (inciuding texture and
c-axis fabric) was investigated on both verticaliy
and horizontally sectioned core. Because the floes
in the Weddell Sea ice pack drift freelv, cores from
any particular floe can be oriented only in the rela-
tive sense. However, the orientations of horizontal
sections were maintained along the length of the
whole core in order to evaluate the persistence of
azimuihal c-axis orientations in an ice floe.

Preliminary studies aboard the Polgr Sea were
restricted to examinations of horizontal thin sec-
tions prepared on a microtome using technigues
previously applied to arctic sea ice by Weeks and
Gow (1978, 1980). These preliminary studies, per-
formed on cores from 16 floes ranging in thickness
from 0.2 to 5 m, utilized thin sections that for con-
venience were cut at or close to natural breaks in
an ice core before the core was split lengthwise on
the bandsaw. The suspicion that the core breaks
might coincide with structural discontinuities, for
example, the {ransition from columnar crystal to
granular ice, was subsequently confirmed when
thin vertical slices were cuf from the core and ex-
amined between crossed polaroid sheets on a light
table. With this technique the outlines of individ-
ual crystals are revealed by the interference colors
they produce. Following this discovery, thin verti-
cal slices for optical examination were always
taken from the side of the core, in conjunction
with horizontal thin section samples, before split-
ting the cores in half on the bandsaw,

All thin sections were photographed at full scale
ona 10-cm x 12.5-cm press-type camera that yields
high-quality negatives that can be contact-printed
at natural scale or can be enlarged to allow exam-
ination of the finer details of ice structure, such as
the cellular substructure of columnar crystals and
the nature of the boundaries between crystals of
fine-grained frazil.

Fluorescence

Based on some preiiminary work on Antarctic
cores (Ackley et al. 1978}, in vivo fluorescence was
measured on half-core-sized samples as an indi-
cator of biological material in the ice. The fluores-
cence was measured with a Turner Designs Fluor-
ometer, which unfortunately gave erratic values
on low-sensifivily settings, that is, when sizeable
concentrations of material were being measured.
To overcome this problem, samples were diluted
with distilled water to a known dilution, and the
fluorescence was then measured at a higher sensi-
tivity. This scale showed good repeatability, The
measurement was then converted linearly io the
concentration appropriate for the undiluted sam-
ple.

We have since discovered that converting fluor-
escence values to separate chlorophyll ¢ and
phacopigment values is not gasy. Clarke and Ack-
ley (1984), for example, found that the correlation
coefficient of either chlorophyll ¢ or phaeopig-
ments with in vive fluorescence was in the 0.5
range for both materials found in relatively fresh
sea ice samples. The correlation of fluorescence
with the sum of chiorophyll ¢ and phaeopigments
was, however, very high (> 0.9). The in vivo
fluorescence must give some index value of biolog-
ical material contained within the ice.

In the worst case two peaks in fluorescence in an
ice core could represent several competing mecha-
nisms and so could not be unequivocally interpret-
ed as living or dead material. Here we furnish
fluorescence measurements simply as an index of
where biological material resides within the ice.
Because of these difficulties we can only use this
information in the broader context in comparing
the relative importance of surface, interior or bot-
tom communities in the Weddell Sea pack ice.
Also, we do not know whether the long storage
times of samples at -20°C at CRREL and the high
osmotic stress assoctated with melting the samples
would affect the data. Garrison and Buck (1984)
discussed some of these aspects in greater detail
and showed differences in the numbers of full and
empty diatom cells for one of our Weddell Sea
cores (51-G-4).

RESULTS
Table I lists the pertinent data we obtained on

the 66 individual floes of Weddell Sea pack ice.
These data include average (bulk) salinity for each



‘Table 1. Ice core data from Weddell Sez floes, February-March 1980,

Average
Core Lat, Long. Thickness safinity Structural composition (%) fce
number {south} (west} fm) 1wl Congelation Frazil Other type
41-A-1 64°07.2°  48°28.2° 1.25 2.0 i1 66 21 13 First-year
41-G-1 64°07.6°  48°19.6° 31.82 2.5 215 25 70 b} Multi-year
42-A-1 66°39.7" 44°14.1"' 4.52 34 216 35 61 4 Multi-year
[42-A-2A" 67°24 " 43°56° 0.60 1.9 +1.0 — 100 — First-year
42-A-2B 67°24 7 43°56 " 0.76 4.0 £2.1 53 35 i2 First-year
42-4-3 67°24° 43°34"' [.80 3214 & 92 2 First-year
42-G-1 66°22° 44°28 ' 4,55 2.5 +0.7 8 79 i3 Multi-year
42.(3-2 67°21" 43°49’ i.57 314 +1.4 28 66 3 First-year
42-03-3 67°20° 43°40 0.94 nd nd nd nd First-year
431-A-1 69°21" 41°447 0.98 14 = 69 22 9 First-year
{43—!-\-2 69°217 41°44° 2.40 3.2 2L 6 a1 3 Mutlti-year
43-A-3 69°20.8°  41°15.5°7 .41 36 0.5 82 18 — First-year
[43-A-4 69°29.8°  41°155' 0.74 4.3 0.6 82 —_— 18 First-year
43-A-5 69°29.8° 41°15.57 0.48 36 1.0 T 2i s First-year
43-A-6 89°30.5°  41°25.57 1Lil 4.2 =0, 85 i35 e First-year
43-G-1 69°14 7 42°397 1.67 39 =11 51 12 7 First-year
43-G-2 69°29.8'  4}°15.5° 1.30 4.0 £0.7 69 28 3 First-year
[43«(}»3 £9°29.8"' 41°15.5" 1.9 4.2 £1.2 60 33 7 First-year
43-G4 69°30.5° 41°25.5° 1.45 4.2 £2.0 46 34 — First-year
4.-A-1 71°18° 38°137 1.98 4.7 +1.4 57 39 4 First-year
44-A.2 7E°22° 38°07° 4.86 34 1.8 15 75 i0 Multi-year
44-G-1 71°18° 38°05° .79 35 £1.5 48 45 7 First-vear
44-G5-2 71207 38°08 3.40 4.7 +1.2 36 56 8 Multi-year
44-G-3 rpAsitl 3g°s47 1.92 5.8 £0.9 94 3 3 First-year
48-A-1 73°52.87 44°40.37 1.47 50 +i.6 83 1 6 First-year
48-A-2 73°52.8° 44°40 1.28 4.3 +0.7 80 17 3 First-year
48-A-3 73°53.1" 44°44° [.18 5.0 +1.0 92 _ 8 First-year
{48-(}-1 73°54 7 44°40.5 " 1.51 5.3 0.7 81 1t 8 First-year
485w 73954 44°40 .57 1,44 3.7 1.0 nd nd nd First-year
48.G-3 73°50.7'  44°36.5 1.83 435 £1.6 62 27 11 First-year
49-A-1 73°37 43°40" 1.26 4.5 £0.7 66 20 14 First-year
49-A-2 73°38.5°  43°32 1.37 5.2 1.2 55 36 9 First-year
49-A-3 T3°FLTT 0 43°32 0.56 4.3 £0.6 T — 23 First-year
49-G-1 73°32.5' 43°31° [.43 4.7 £i.8 nd nd nd First-year
[49-(}-2 73°32.5" 43°31° 1.53 47 £1.0 72 23 5 First-year
49-GG-3 73°33.8" 43°35° 1.43 4.8 L.t 80 9 131 First-year
51-A-1 73°22.77 41°50.5 7 1.29 4.4 +0.8 51 36 3 First-year
S1-A-2 7392727 41°36,5° 1,32 5.2 +1.4 14 83 3 First-year
31-A-3 73°23° 43°32.58 i.45 4.6 +1.2 79 14 7 First-year
51-A-4 73°22.7" 43°41.5%° 1.28 4.8 £1.1 87 e i3 First-year
51-G-1 73°29.27  41°53° 1.33 53 £L.0 28 72 — First-year
SE-G-2 73°3E.8°  41°59.5° 1.30 53 +1.3 41 41 18 First-year
31-G-3 73°24.57 437357 2.55 5.7 +2.0 59 33 8 First-year
51-G4 73°24.37  43°437 2.00 45 +1.4 25 45 10 First-year
51-G-5 73°23.57  43°357 110 4.8 +0.8 94 — 3 First-year

* Brackets indicate cores from the same floe.




Tabie 1 (cont’d). Ice core data from Weddell Sea floes, February-March 1980,

Average
{ore fL.al Long. Thickness selinily Structural composition (%) fce
number (south) fwestj (rmi} o) Congelation Frazii Other 1ype
52-A-1 74°01.6°  43°13° 1.51 5.0 £1.2 65 22 g First-year
52-A-2 73°48.5' 43245 1.30 5.3 209 74 20 6 First-year
52-G-1* 73°56 " 42°48.5" 1.47 55 +1.4 nd nd nd First-year
52-G-2 73°56° 42°46.5 1.49 5.3 x1.0 62 30 8 First-year
§2-G-3 73°56" 42°46.5 1.52 49 +1.3 nd nd nd First-year
S54-A-1 72°3IR.2T 407437 >5.0 35 1.6 27 73 - Multi-year
54-G-1 72°81.5° 40°08' 2.30 48 +1.7 45 29 26 First-year
54-G-2 72°41.5°  40°387 >5.0 3.8 £1.7 nd nd nd Multi-year
60-A-1 70°16.3°7 39°22.1° 1.24 46 £0.8 69 3 - First-year
60-A-2 70°13.7"  39°Z1.5° 2.14 4,1 1.0 4 S6 —_ First-year
60-A-3 70°13.7" 39°26° 1.19 3.6 1.3 86 14 - First-year
80-A-4 70°19.3°  39°1%’ 1.04 4.7 0.5 90 e 16 First-year
60-A-5 70°13.6° 387337 2.43 4.1 x1.5 43 49 8 First-year
60-G-1 70°16.9°  39°26.2° 1.02 57 +1.4 ) 50 - First-year
60.G-2 70°16.5 397297 }.59 4.8 +1.5 42 49 9 First-year
[GOMG-S 70°16.5° 39°2%’ £.55 4.1 213 37 63 — First-year
60-(5-4 70°14.5° 39921 E.20G 4.0 1.7 64 3 5 First-year
60-3-5 70°18.5" 39°i6.57 ;.52 4.6 £0.9 60 40 — First-year
60-G-6 70°13" 3834 ¢ 1.35 49 20.5 51 40 9 First-year
61-A-1 69°50.7"  38°2%7 1.32 4.8 1.3 45 50 5 First-year
61-A-2 69°49.7°  38°31° 4.82 312 218 21 69 4 Multi-year
61-A-3 69°28° 38929 1.80 2.6 1.0 64 18 18 First-year
61-A-4 69°327 38°10.57 1.61 37 213 25 68 7 First-year
61-G-1 £9°53.3°  38°33° 3.0 3.7 £1.7 . 74 26 Multi-year
61-G-2 69°53.8°  38°33.% 4.18 315 %19 25 75 — Multi-year
61-G-3 69°32.87  37°53 2.52 35 x1.2 18 82 —_ Multi-year
61-G4 69°30.2°  37°57 0.81 52 +1.3 85 15 — First-year
61-G-5 69°25.6°  37°567 1.22 6.4 +2.0 e 21 — First-year
62-A-1 67°50.5'  39°04.5° 2.92 3.1 £§.2 o 86 14 Multi-year
62-A-2 67°43.7'  38°05° 0.70 4.3 +1.3 21 79 e First-year
62-G-1 67°49.6'  38°58° 2.14 2.9 1.1 e 100 — First-year
62-G-2 67°41.8°  38°59.2° 31.06 33 1.2 o 100 — Multi-year
* Brackets indicate cores from the same floe.
floe and the percentages of congelation ice, frazil Salinity

ice and undifferentiated ice (principally snow ice),
estimated on the basis of a vertical section analysis
of the crystalline structure along the entire length
of a core. We will first discuss the general results
of the salinity, structural and fluorescence studies
and then describe in greater detail the physical
properties of each core from the 66 ice floes. The
detailed descriptions will compare salinity and
fluorescence profiles with vertical structure pro-
files. We have also included horizontal thin-sec-
tion photographs to illustrate variations in the
crystalline texture of the ice.

Figure 6 shows typical salinity distribution in
first-year ice that has survived a summer in the
Weddell Sea. Except for one sample from the mid-
dle of the floe, salinities all exceeded 4%5. A maxi-
mum salinity of 7.4%, was measured directly be-
low the lowest salinity value; the mean floe salinity
measured 5.1%. This floe consisted almost entire-
Iy of congelation ice.

In floe 61-G-2 (Fig. 7) the ice was composed
dominantly of congelation crystals to a depth of
1.2 m, followed by an abrupt transition to a layer
of frazil ice nearly 3 m thick. This floe was identi-
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Figure 6, Salinity and vertical structure profiles of o
Jirst-year ice floe (44-G-3). The symbols S, C and F de-
note undifferentiated granular snow or frazil ice, congela-

tion ice and frazil ice, respectively,

fied as multi-year ice. iis salinity was low in the
top 30 cm or so; salinities in deeper ice varied from
2 to 6%, and the floe’s average salinity was
3.5%. :

Ice from site 42-A-1 (Fig. 8) consisted of a mix-
ture of congelation and frazil ice. The floe was
also identified as muilti-year, mainly on the basis
of its thickness. In both 61-G-2 and 42-A-] the
tops of the floes appear much less desalinated than
their Arctic counterparts, for example, multi-year
floes recently examined in the Fram Strait (Tucker
et al. 1985, Gow and Tucker 1987). In floe 42-A-1
the salinity exceeds 4%, at many levels in the ice;
the salinity averased 3.4%,. The salinities were
characterized by dramatic swings that did not ap-
pear to be related to changes in ice crystal type.
This was also true for floe 61-G-2.

In Figure 9 we have plotted bulk salinity as a
function of floe thickness. This was done to allow
comparison with the data of Cox and Weeks
{1973}, who used the same kind of plot to extract
salinity trend lines from their Arctic cold ice and
Arctic warm ice data. The dominant features of
the Cox and Weeks analysis are the strong nega-
tive correlation between bulk salinity and increas-
ing ice sheet thickness in winter ice and the very
weak positive correlation with summer ice. [t is

Salinty (Yol

Q i 2
) o

3 4 5 8
' § " } ' i ‘ I Loe
A0 F ! i
120 j“““::l |
180 - ;] oo
200 d _
€ 240} o=
=y - ey
R
2 280k J -
3201
e
360~
400}~ -
#4011 £i-6-2
1 T=4i8m
£9°53.8' S
480k 38°335'W
|

L4

b—

Figure 7. Salinity and vertical structure profiles
af a muiti-vear ice floe (61-G-2}.

clear from the large number of samples measured
during late summer in the Weddell Sea that sea ice
in this region is appreciably more saline than ice of
comparable age and thickness in the Arctic. In
fact, floe salinities in late summer in the Weddell
Sea are more comparable with Arctic winter ice
than they are with Arctic summer ice, This applies
particularly to multi-year ice floes, which in most
cases yielded bulk salinities higher than those ex-
pected for Arctic cold multi-year ice. For example,
the average salinity of 61 first-year ice profiles
from the Weddell Sea measured 4.5, compared
to values of around 3%, that Cox and Weeks
{1973) reported for warm Arctic ice of comparable
thickness. Similarly, measurements of 14 warm
multi-year ice profiles from the Weddell Sea yield-
ed a mean salinity of 3.5%,, which is appreciably
higher than the 2-2.3%,, value that Cox and Weeks
reported for Arctic multi-year floes of comparable
thickness (3-5 m).

For first-year Weddell Sea ice the best-fit linear
regression line of salinity, §;, to thickness, A, is
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8, = 4.06+0.26A.
For multi-vear ice the relationship is
5; = 3.83-0.114A,

The higher salinity of Weddell Sea summer ice
must reflect the small amount of top surface meli-
ing in Weddell Sea pack ice (Ackley 1579b, An-
dreas and Ackley 1982). This lack of summer
melt, which we also observed in 1980, allows floes
to retain brine that otherwise would be flushed out
by downward percolating meltwater, considered
an important if not the dominant mechanism con-
trolling the loss of brine in Arctic sea ice (Unter-
steiner 1968). Ackley et al. (1980) also suggested
that the higher average salinities in Weddell Sea
pack ice might be caused by the formation of fraz-
il ice, which, because of its spounge-like structure,
might entrap more brine and retain it more effec-
tively than congelation ice, thereby increasing
overall salinities in floes containing large amounts
of frazil ice. However, a more thorough analysis
of the relationship between salinity and ice struc-
ture in all the Weddell Sea profiles now shows that
frazil ice is not systematically more saline than

&
131

congelation ice. This implies that the volume of in-
terstices between frazil particles available for en-
trapment of seawsater when the frazil particles
freeze together is somewhat smaller than might
have been expected from particle-packing consid-
grations—probably less than (5% in freshly
formed frazil ice. This is clearly related to particle
shape. We saw several cases of frazil ice in the
Weddell Sea pack that possessed a platy texture,
which should favor tighter {less porous) packing
of particles than equi-axed grains. The differences
in particle shape probably originate via differences
in the mechanisms of frazil crystallization dis-
cussed later in this report.

Crystalline structure

A major finding of our examination of 66 floes
in the Weddell Sea was the discovery of granular
ice, principally frazil, in amounts not previously
observed in the Arctic or Antarctic. Prior to this
study, and based largely on observations in the
Arctic, frazil was considered a minor component
of sea ice, confined to the top 20 cm or so of sea
ice sheets and representing less than 10% of the
total ice thickness (Martin 1979). Conventional
wisdom {or ignorance) held that frazil growth was

SITE44-G-2
21
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Figure 10. Vertical thick sections of ice from floe 44-(G-2 showing the
transition from congelation (C) to frazil (F) ice growth. Note how fine-
grained frazil particles have become lodged within the interdendrite grooves of
the congelation ice crystals. In the section from 121-131 cm, congelation ice

growth returns ai around 128 cm.




limited to leads and areas of open water, its for-
mation mainly associated with wind- and wave-
induced turbulence.

In many Weddell Sea {loes, especially multi-
vear floes, frazil was the dominant component of
the ice crystal structure. The frequent sandwiching
of frazil between lavers of congelation ice also
shows that frazil production is episodic. Further-
more, frazil ice occurred in a variety of shapes and
sizes (Fig. 4) and in relationships with congelation
ice that indicate other mechanisms, in addition to
surface turbulence effects, are involved in frazil
jce production in the Weddell Sea. Frazil ice gen-
erally consisted of shapeless particles varying from
0.7 to 5 mm in cross-sectional diameter. Frazil
particles Jack the ice platelet and brine lamella

SITE 41~ 6 -

substructure of congelation ice crystals. This dif-
ference is especially helpful in distinguishing be-
tween coarse-grained frazil and fine-grained con-
gelation ice.

In conjunction with regular congelation ice
growth, the formation of frazil can lead to a varie-
ty of transitions between the two crystal types.
When congelation ice growth was interrupted by
incursions of frazil, the frazil crystals can be
packed into the interdendrite grooves of the con-
gelation ice crystals {Fig. 10). The transition is not
as sharp when frazil ice is replaced by congelation
ice (Fig. 11). Because frazil ice forms by accretion,
the interface would not be expected to be horizon-
tal, as typifies the growth of congelation ice. An-
other structural transition is between tilted blocks

[AW]
03]
[N}

¥ oy

cggq s

Figure 11. Vertical thick sections of ice from floe 41-G-1 showing the iran-
sition from frazil to congelation ice growth.
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Figure 12. Vertical thick sections ilfustrating contact relations berween
tilted blocks of congelation ice and frazil in floes 42-A-I and 41-G-1.

of congelation ice and granular ice, originating
either as frazil or by actual crushing of ice during
ridged or pressured ice (Fig. 12). “‘Banded”’ frazil
(Fig. 13}, another structural transition, is only ap-
parent in thick or thin sections of ice examined be-
tween crossed polaroids. Banded frazil probably
derives from the formation of horizontal plates
with vertical c-axes in the water column beneath
an existing ice sheet. On floating up to the under-
side of the ice, the plates tend to stay horizontal, a
process leading to ‘‘bands’ or layers exhibiting
aggregate vertical c-axis orientation when vertical
thin sections are viewed between crossed polar-
oids.

Large plate-like crystals measuring a centimeter
or more across and even larger wafer-like crystals
were aiso observed in the bottom ice of several
multi-vear floes (Fig. 14). These crystals appear

12

structurally equivalent to so-called underwater ice
described by Serikov (1963) in East Antarctic sea
ice, and the sub-ice platelet layer reported by
Paige {1966) and Gow et al. (1982} in McMurdo
Sound. Crystals may be so loosely bonded that it
was often difficult to obtain competent core when
drilling floes containing this kind of ice. Such
loose, platy and wafer-like ice is perhaps best de-
fined as transitional between frazil and congela-
tion ice.

Most of the existing information on the crystal-
line characteristics of congelation ice stems from
studies of shorefast ice. Very little is known of the
structural properties of congelation ice in pack ice
or the relative distributions of congelation and
frazil ice in pack ice floes, In the Weddell Sea,
congelation ice was found to be structurally identi-
cal to that observed by Gow and Weeks (1977} and
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Figure 13. Vertical thick section of
“banded’’ frazil (Fp} overlving congel-
ation ice in floe 43-G-1.
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Weeks and Gow (1978, 1980) in shorefast ice in
the Arctic. This applied equally to first-year and
multi-year ice, most of which must have formed
far from the shore or shelf edge but within the
confines of the winter pack. The typically colum-
nar, vertically elongated crystals of congelation ice
can reach lengths of several tens of centimeters. in
cross sections, however, they do not generally ex-
ceed 3-4 cm in their longest dimension.
Congelation ice in the Weddell Sea included ice
with both random and strongly aligned c-axis ori-
entations. Weeks and Gow (1978, 1980) demon-
strated that c-axis alignments in fast ice along the
Alaska Coast generally parallel the measured or
inferred direction of the ocean current directly be-
neath the ice. Recent laboratory experiments by
Langhorne (1983) and Langhorne and Robinson
{1986) on crystal alignments due to fluid motion
confirm that large-scale preferred orientations of
c-axes in Arctic sea ice (observed by several re-
searchers 1o extend over areas of tens or even hun-
dreds of sguare kilometers) are directly related to
the action of ocean currents at the growing ice in-
terface. We noted numerous occurrences of aligned

266 -

Figure 14. Vertical thick sections showing wafer-like and plate-like crysials of
ice in deeper parts of floes 54-A-1 and 54-G-2, respectively.



c-axes in Weddell Sea ice floes. These alignments
originate either under fast ice conditions (for ex-
ample, in sea ice attached to shelf ice}, or during
the winter when tightly packed ice in the growth
mode either remains stationary or maintains a
constant direction: with respect to the prevailing
currents. Any significant or continued rotation of
the floe would curtail formation of aligned c-axes.
Examples of aligned c-axis structure are included
in the petrographic descriptions of the 66 ice floes
presented later in this report.

in addition to banded frazil, only recognizable
in thin sections examined between crossed polar-
oids, cores from many of the floes also exhibited a
visibly banded structure caused by optically clear
layers in otherwise normally opaque sea ice. {Sea
ice is normally opaque because of the large num-
ber of brine pockets scattering the light.) Benning-
ton (1963) noted that banding is characteristic of
Arctic Sea ice. He described three types of band-
ing that are generally associated with changes in
c-axis orientation. This, however, is not the case
with the optically clear bands in the Weddell Sea
ice. Here the bands are horizontal and are crystal-
lographically identical with ice on either side.
They appear to be related to fluctuations in the
growth rate of the ice, most likely forming during
periods of very slow growth when fewer brine poc-
kets and air bubbles are trapped in the ice. Bands
can vary in thickness from ! to 3 mm and may oc-
cur in concentrations of up to 30 bands per meter.
Vertical sectioning of cores confirms that optically
transparent horizontal bands are only observed in
congelation ice, never in frazil. Accordingly, the
occurrence of such banding in sea ice is proof of
the presence of congelation ice.

Figure 15 summarizes our observations of the
abundances of congelation ice and granular ice
{principally frazil) plotted as a function of ice floe
thickness. These data indicate a generally higher
percentage of congelation ice in floes up to 2 m
thick. However, every thicker floe except one con-
tained more frazil than congelation ice.

The total length of core analyzed for structural
composition was 130.36 m. This consisted of 81.3
m of first-year ice (58 profiles from 49 floes) and
49.06 m of multi-year ice (13 profiles from 13
floes) for a total of 71 profiles.* Of the total
length of first-year ice examined, 58% consisted
of congelation ice and 37% of frazil ice, with the
remaining 5% composed of snow ice and mixtures
of frazil ice, snow ice and congelation ice. Of the
multi-vear ice, 72% was frazil ice, 22% was con-
gelation ice and 6% was other forms of granular
ice.

Much of the frazil ice in Weddell Sea floes is
generated during the second year of growth, but
there were instances where the entire floe was
composed of frazil ice. This rate of frazil produc-
tion has led to exceptional thicknesses of ice—up
to 5 m and more—in ice less than two years old,
according to drift measurements from data buoys
{Ackley 1981),

In the Weddell Sea the percentage of frazil ice
increases rapidly as the thickness of the floe ex-
ceeds 1.5-2.0 m. As shown in Figure 15 five of the
six first-year floes 2 m thick or thicker and all the
multi-year floes contained more frazil ice than

* A total of 75 cores were actually sectioned for structure ex-
aminatior but quantitative data on composition of the ice were
only obtained on 71 cores,

100 ¥ T 7 7 T o £
le, ol l I £
3 gop-  ® o ": o o First-yeor Ice 20 ]
& e *% o Multi-year -
g - R
= 50— ¢ % e -’_ ° —4a0 <
el o pas
_% — * e :‘ ° - g
g o | . T
S I~ ° % i o o 0% ]
20— . —ao 3
- s o ~ 5
| o | 1 2 1 ato | | i 100
o -
! 2 3 4 5

Ice Thickness {m)

Figure I5. Abundances of congelation ice and granular ice vs ice thickness in

Weddell Sea floes.




congelation ice. This is the reverse of what is com-
monly observed in the Arctic, where the thinnest
ice { < 1 m) usually contains the highest perceniage
of frazil. This situation not only applies to firsi-
year ice in the Arctic but holds also for unde-
formed multi-vear floes, based on recent studies
by Tucker et al. (1985) of floes exiting the Arctic
basin via Fram Strait. Generally frazil growth in
the Arctic appears 1o be limited to the top 20 cm or
so of the ice sheet, a situation consistent with tur-
bulent crystallization of frazil in leads and areas of
open water. Occasionally layers of frazil up to a
meter thick have been observed in shallow, near-
shore, storm-agitated waters off the coast of Alas-
ka, often in combination with bottom-stirred sedi-
ments {Osterkamp and Gosink 1984). However,
the Weddell Sea frazil ice, because of its texture,
depth characteristics and exceptional thickness,
must have been formed at least partly by mecha-
nisms other than surface turbulence, For example,
because of its buoyancy, surface-derived frazil is
not likely to be transportied downward to depths
of 3 m or more, as is common in Weddeli Sea
floes. Similarly it is difficult to conceive of frazil
growth in the open sea fronting the Weddell Sea
ice pack contributing significantly to the growth in
remoter areas of the pack. The rafting, one upon
the other, of layers of surface frazil tens of cen-
timeters thick could lead to aggregate thickness of
a meter or more. Indeed, the top meter orso of a
number of floes we examined possessed structures
consistent with such a process. However, any
plausible explanation of frazil occurrence in the
deeper parts of ice floes must consider mecha-
nisms that permit both episodic production of
frazil between layers of congelation ice and in situ
crystallization of frazil beneath ice sheets already
several meters thick,

Weeks and Ackley (1982) described four proc-
esses by which frazil may form in polar oceans:

s Wind- and wave-induced turbulence. This
well-known mechanism can only account for frazil
growth in leads, polynyas and marginal ice zones.
As noted above, rafting events may lead to en-
hanced thickness of frazil formed under turbulent
conditions at the sea surface. However, rafting is
likely to be further limited in the western Weddell
Sea because of the generally heavy concentrations
of ice.

» Adiabatic expansion of seawater as it ascends
from beneath thick ice shelves. The Weddell Sea is
backed by large ice shelves, including the Filchner
and Ronne. Higher frazil percentages might be ex-
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pected close to these ice shelves, but no such corre-
iation has been established.

® Contact between two water masses of signifi-
cantly different salinities. One such case would in-
volve the interaction of seawater with freshwater.
This occurs in limited situations in Antarctica, for
exampie, beneath the floating Koettlitz ice tongue,
where z layer of freshwater derived from surface
ablation interacts with the underlying seawater,
causing frazil crystals 1o form at the freezing inter-
face between the two layers (Gow ¢t al. 19635, Gow
and Epstein 1972). A similar process was advocat-
ed by Untersteiner and Badgley (1958) to explain
the freezing of freshwater frazil 1o the underside
of Arctic ice floes. However, this mechanism is
not likely to be an important source of frazil in the
Weddell Sea because of the lack of surface melt-
ing.

¢ Thermohaline convection related 10 surface
freezing. Such freezing resuits in the formation of
celd brine plumes, which, as they descend, could
cause frazil to crystallize in the water column un-
derlying the growing ice sheet. This process, in-
volving frazil production in deeper parts of the
water column, is attractive because it is not con-
strained by the problem of crystals having to over-
come the buoyancy forces encountered during
downward advection of surface-derived crystals.

A fifth mechanism, not specifically mentioned
by Weeks and Ackley, is associated with pressure
ridging; the frazil forms in the voids between ice
blocks thrust down several meters into the water
during the ridging process. This is most likely to
occur in very cold ice sheets. The few ridges pre-
served in vertical profiles of the Weddell Sea floes
that we examined indicate that the filling of inter-
block voids with frazil could be an important
source of granular ice* in areas of widespread
pressuring and ridging of the ice. A similar mecha-
nism is favored by Tucker et al. (1985) for the ori-
gin of granular ice in deformed, ridged ice in the
Arctic.

If the formation of frazil in the Weddell Sea is
influenced by the mixing of freshwater with sea-
water, then such a situation should be reflected in

* 1t is possible that void-filling granular ice identified here as
frazil may include fine-grained ice with frazil-like texture de-
rived from the actual. crushing of blocks during the ridging
process. However, crushing of ice shouid lead 1o breccia-like
textures. Such textures were not observed in granular ice linked
to ridging events in 1the Weddell Sea.



Table 2. Oxygen isotope variation ia frazil ice in Weddell Sea

ice floes.
Sample Sample
Floe depth &% Floe depth G
HO. fcre} (oo} ne. for) [y
41-G-1 76~-81 +1.76 G0-A-2 30-135 +1.62
{multi-year) 196-206 +1.44 {first-year)
300-305 +1.71
&0-A-5 §-12 +1.27
42-G-1 i1o-116 —2.67 {first-year) 39-43 +2.08
(mmulti-year) 278-287 +1.58 175-179 +1.32
430-436 +2.30 235-239 +1.73
43.A-2 17-20 +1.72 50.G-1 £1-17 +8.51
{multi-year) 194--198 +1.92 (first-year} 34-39 +1.01
236-240 +2.09
60-(3-3 8-12 +0.21
43-G-4 56~60 +1.03 {first-year) 69-75 +0.06
{first-year) 85-90 +1.24
61-G-1 28-36 - (.97
44-A-1 67-72 +1.49 {multi-year) F14-120 +1.65
{first-year) 143-148 +{3.80 168175 +1.54
251-258 +1.8%
49-A-2 107114 +1.86
{first-year) 62-A-1 14-18 +1.57
{multi-year} 40-45 +1.80
S4-A-1 12-16 +1.82 129-133 +2.05
(multi-year} 233-238 +1.70 185-191 +1.94
360-365 +2.08 285293 +1.84

the isotopic composition {either hydrogen or oxy-
gen) of the ice itself. Isotope variations are usually
expressed as a deviation (80 or A0} from stan-
dard mean ocean water (SMOW), a positive value
indicating enrichment and a negative value indi-
cating depletion with respect to SMOW. Polar
snow and glacial ice are highly depleted with re-
spect to SMOW, so small inputs of meltwater of
either to seawater should yield a diagnostic iso-
topic signal. Friedman et al. (1961}, used 60 meas-
urements to show that the freezing of seawater
yields ice that is aproximately 2% enriched in deu-
terium. This 2% enrichment was confirmed for
Antarctic sea ice by Gow and Epstein {(1972), who
also found a corresponding enrichment with re-
spect to 6°°0 measurements. Data from the latter
work proved critical in identifying the origins of
different ice samples, principally sea ice growing
onto the bottom and ultimately repiacing the gla-
cial ice of the floating sheif-like tongue of the
Koettlitz Glacier in McMurdo Sound. Lyouns et al.
(1971) applied essentially the same technigque to re-
solve the internal structure (which included gla-
cial, seawater and brackish water ice components)
of the Ward Hunt ice shelf, Ellsemere Island,
Canada.
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We sampled 13 floes exhibiting a variety of
frazil textures; the results of the 8'*0 analyses are
listed in Table 2. The analytical precision is ap-
proximately 0.03%. Of 35 samples from the 3
floes (seven first-year and six multi-year), all but
three had positive 6'*0 values, compositions that
are essentially compatible with freezing from or-
dinary seawater. Excluding the three samples
showing negative deviations, §'%0 values of the re-
maining 32 samples ranged from +2.30 to
+0.21% and averaged +1.58%,. These data
compare very closely with those obtained by Gow
and Epstein {1972) on sea ice in McMurdo Sound,
in which 60 ranged from + 2.51 to +1.37% and
averaged +1.75%. The most negative value of
~2.67%, was measured at 110-116 cm in floe
42-G-1 and is probably linked to a small input of
freshwater, possibly snow ice associated with the
tifted block of thin congelation ice located close to
the isotope sample. Similarly the 6'*0 value of
~0.97% for frazil at 28-36 cm in floe 61-G-1 is
probably linked to mixing of snow and frazil dur-
ing the early stages of the growth of the ice. Values
of +0.21 and -0.06%, at depths of 8-12 and
69-75 ¢m in floe 60-G-3 also likely reflect the addi-
tion of small amounts of snow to the seawater.



We observed no systematic difference in 8'%0
with respect to differences in the texture of the
frazil, for example, fine-grained frazil as opposed
to coarse-grained frazil, large wafer-like plates or
banded frazil. Qur 480 measurements suggest that
the bulk of the frazil in the Weddell Sea ice floes
priginates by crysiallization from seawater con-
taining very little or no freshwater component.
This is consistent with the lack of surface snow
melt and suggests that the frazil in the deeper parts
of Weddell Sea ice floes forms by either adiabatic
expansion of seawater as it ascends from beneath
ice shelves or thermohaline convection related to
surface freezing and the formation of descending
plumes of brine. Weeks and Ackley (1982) consid-
ered the latter mechanism the more likely, given
the depth characteristics, the exceptional thickness
and the widespread occurrence of frazil in the
Weddcll Sea pack ice {Ackley et al. 1980, Gow et
al. 1982). However, thermobhaline convection
should apply equally well under Arctic conditions.
Vet frazil is a relatively minor component of Arc-
tic sea ice, clearly indicating that other mecha-
nisms, including adiabatic expansion of ascending
seawater, are contributing to frazil production in
the Weddell Sea. Deeper convection of water re-
lated to the greater thickness of the mixed layer—
100 m in the Weddell Sea compared to only 30 m
or so in the Arctic—may also contribute to greater
frazil production in the Weddell Sea.

Fluorescence

Problems in the fluorescence measurement tech-
nique precluded the determination of any ‘‘univer-
sal’’ relationship between the biological and physi-
cal properties of ice cores from Weddell Sea floes.
This is apparently partly linked to the highly gen-
eral nature of the fluorescence, which is a com-
bined index of both living and dead biological ma-
terial.

in a study based on relatively few ice samples,
Ackley et al. (1979) suggested that salinity may
vary systematically with the level of biological ma-
terial in the ice as measured by the fluorescence.
Although this relationship can be found in some
of the profiles we measured, it was not generally
true for our 66 Weddell Sea floes. However, there
is some evidence that brine drainage can potential-
ly trigger an “‘elevated biology’ near the surface
of the sea ice (Ackley, unpub. data). Similarly we
observed no conclusive or simple relationship be-
tween ice structure and substantial biological ac-
tivity. Examples of both high and low levels of
biclogical activity were found in all three principal
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ice crystal types. Although ice structure may influ-
ence significantly how and where organisms devel-
op in sea ice, our measurements do not permit us
to differentiate between structural effects and
other effects such as initial entrapment, in situ
growth, brine drainage events, warming of the ice,
snow cover, temperature, total ice thickness, and
light levels.

Our fluorescence measuremenis do demonsirate,
however, the tremendous variety of habitats or
repositories that occur in Weddell Sea pack ice.
Our fluorescence data also show that surface, near
surface, interior and bottom populations all occur
in the Weddell Sea floes, with no particular bias
toward any one of these populations. Examples of
highly elevated biclogical activity in any one of
these population levels can be observed in a num-
ber of profiles presented here. This situation con-
trasts, for example, with the ice communities in
the fast ice near McMurde Sound, where the biol-
ogy is dominated by late-season, ice-bottom com-
munities with little activity at other locations with-
in the sea ice cover.

Description of selected fioes

Seventeen floes were selected for detailed de-
scriptions of their major physical properties. They
can be considered representative of the variations
in salinity, fluorescence and petrographic struc-
ture observed in the 66 floes we examined in the
Weddell Sea. Profiles of the remaining 49 floes,
together with descriptions of their physical charac-
teristics, are included in Appendix A.

Site 42-A-1 (Fig. 16)

Described briefly by Gow et al. {1982), this floe
was of thick {4.52 m) multi-year ice with a maxi-
mum salinity of 9%, and an average salinity of
3.4%,. 1t was composed of 4% snow ice at the top
of the floe, 61 % frazil ice located in layers through-
out the floe and 35% congelation ice concentrated
in the middle third of the floe. The physical dispo-
sition of the congelation ice is interesting because
the vertical sectioning revealed evidence of a tilted
structure, related possibly to rafting or ridging of
ice blocks (Fig. 12). If this is the case, then the as-
sociated granular ice could have originated as
frazil, by freezing of seawater in voids between the
blocks, or by crushing of ice during ridging.
Dramatic swings in salinity appear to be indepen-
dent of changes in the structural composition of
the ice. The same situation also seems {0 hoid true
for fluorescence, which attained a maximum of
602 in ice from the frazil/congelation transition at
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Figure 16. Salinity and fluorescence profifes, vertical structure section and horizonial thin
sections af ice floe 42-A-1. The symbols S, F and C on the left side of the structure section denote
undifferentiated granular ice (principally snow ice), frazil ice and congelation ice, respectively. The
arrows Indicate directions of strongly aligned c-axes.

a depth of 72-76 cm. Much of the congelation ice
was characterized by very strong alignment of the
erystallographic c-axis, indicated by the arrows in
the photomicrographs of thin sections from 2.24
m and 2.93 m. This kind of alignment is consistent
with the concept of current-controlled growth of
the congelation ice either under shorefast or sheif-
fast conditions or when the floe was tightly held in
the winter pack.

Site 42-G-1 (Fig. 17)

This 4.35-m-thick multi-year floe was overlain
by 30-50 cm of snow and was composed principal-
Iy of frazil ice (79%;) of highly variable grain size
but tending toward coarser grains, especially in
the middle third of the floe, The top of the floe
was riddled with brine channels. There was evi-
dence of a tilted block of congelation ice at 70-95
¢, Petrographic examinations of several hori-
zontal thin sections vielded the following results.

At Il cm an eguidimensional grain mosaic was
identified as recrystallized snow ice, The layer at
131 cm contained very coarse frazil and possibly
fragments of congelation ice. At 214 cm very
coarse frazil enclosed some fragments of congela-
tion ice. At 300 cm there was a mixture of congela-
tion and frazil ice similar in appearance to the ice
at 131 cm. In this instance the fragments of con-
gelation ice contained numerous brine pockets.
This section at 300 cm was located just above a
layer of congelation ice measuring 30 cm thick.
The section at 450 cm showed coarse-grained fraz-
il with some crystals identified as congelation ice
on the basis of brine pockets. This floe displayed a
relatively uniform salinity profile that averaged
2.5%0. A small increase in fluoresence (ranging in
value from 225 to 145) began with the congelation/
frazil ice transition at around 85 cm and continued
t0 129 cm, Measurements of 5'*0 vielded a value of
~2.87% for frazil at 110-116 cm, consistent with

i
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Figure 17, Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 42-G-1.

freezing from seawater containing a small input of
freshwater possibly derived from snow on top of
the tilted block. Two analyses of frazil deeper in
the floe both confirm crystallization from normal
seawater.

Site 43-A-2 (Fig. 18}

The exact age and origin of this 2.4-m-thick floe
are difficult to assess. However, a maximum salin-
ity of only 5%, and a bulk salinity of 3.2%, indi-
cate that this was a multi-year floe. i contained
just two thin layers of congelation ice, totaling 6%
of the floe thickness, and 91% frazil ice of varia-
ble grain size, including a layer from near the bot-
tom where grain diameters generally exceeded 4
mm. As indicated in Table 2, §%0 values of three
samples of frazil ice are completely compatible
with crystallization from normal seawater. The
peak fluorescence of 623 occurred across the tran-
sition from congelation to frazil ice at around 80
cm, with a second peak of 390 at the botiom of the
floe.

i9

Site 43-G-3 (Fig. 19)

This is a second core from the same floe as site
43-G-2 {Fig. Al4). The structural and salinity
characteristics of this core were very similar to
those in 43-G-2, but the ice at 43-G-3 was appre-
ciably thicker (1.91 m). The ratio of congelation to
frazil ice at this location was 60:33, with snow ice
(7%) accounting for the remaining ice in the floe.
Horizontal thin sections all featured granular ice
with the sections from 45 cm and 145 ¢m showing
coarse-grained frazil at major congelation/f{razil
transitions. However, vertical sectioning of the en-
tire core established that congelation ice was the
principal component, The salinity varied from 2.6
to 6.5%, and averaged 4.2%,. In this part of the
floe, unlike at site 43-G-2, fluorescence and salini-
ty maxima tend to be associated. A peak fluores-
cence of 880 was recorded in the bottom of the
first thick layer of.congelation ice (35-40 cm
deep); other peaks also were confined to congela-
tion ice.
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Figure 19. Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 43-G-3.

Site 44-G-3 (Fig. 20)

This 1,92-m-thick floe was located in a region of
recently disintegrated sheet ice that produced floes
approximately 30 m long. Identified as first-year
ice with an average salinity of 5.1%,, this floe was
composed almost entirely of congelation ice
(94%0). The crystals exhibited a well-developed

brine lamella and ice plate structure, with plate
spacings averaging 0.8 mm and a strong alignment
of the c-axes. The constancy of this alignment in-
dicates that freezing occurred either under fast-ice
conditions or in an immobilized part of the winter
pack. Fluorescence was high in the top 20 cm, but
absolute levels were low at all depths.
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Figure 20. Salinity and fluorescence prafiles, vertical structure section and horizontal thin
sections of ice floe 44-G-3.
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Figure 21, Salinity and fluorescence profiles, vertical struciure section and horizontal thin
sections of ice floe 48-4-3.

Site 48-A-3 (Fig. 21)

This was a first-year floe (1.18 m thick) that was moderately aligned c-axes, especially near the bot-
very similar structurally to floe 48-A-2 (Fig. A21) tom. The salinity tended to decrease with increas-
located in the same vicinity. Except for a 14-cm- ing depth. The bulk salinity measured 5.0%. The
thick layer of mixed snow and frazil ice, the floe fluorescence peaks were at the top and botiom of
was composed entirely of congelation ice with the floe.
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Figure 22. Salinity and fluorescence profiles, vertical structure section
and horizontal thin sections of ice floe 49-G-2.

Site 49-GF-2 (Fig, 22}

This first-vear 1.53-m-thick floe was composed
principally of congelation ice (72%), with the
frazil ice {(23%) confined to a zone between 36 and
70 ¢m. The average salinity was 4.7%,. Evidence
for extensive channeling of brine was observed at
30-40 cm. The thin section from 71 cm clearly in-
tersected two ice types, since ifs texture is transi-
tional between fine-grained frazil and coarser-
grained congelation ice. The bottom section com-
prised fibrous-textured crystals with randomly
alipned c-axes. Two fluorescence peaks were
measured, one at the bottom of the first layer of
congelation ice (20-40 cm) and the second in ice
from the bottom of the floe,

A second core, designated 49-G-1, was taken
from the same floe and used solely to measure sa-
linities on samples of a fuil-sized core. The mean
salinity of this 1.43-m-thick core measured 4.7%,
identical with that obtained at 49-G-2 located just
3 m away.

Site 51-G-3 (Fig. 23)

This floe was thicker {2.55 m} than all the other
first-vear floes investigated, but it was clearly
identified as first-year ice because of its crystal
structure and salinity profile. A peak salinity of
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11% was recorded at 204-212 cm; the average sa-
linity measured 5.7%,. A peak fluorescence of 704
was recorded in the bottom ice, but overall the
fluorescence profile showed little correlation with
the salinity profile. Structurally this floe consisted
of 8% snow ice overlying alternating lavers of
frazil (33%) and congelation ice (39%). The con-
gelation ice was characterized by abundant band-
ing, with 22 bands between 90 and 123 cm and oc-
casional banding both above and below this zone.

Examinations of crystalline texture and fabrics
in five thin sections yielded the following results.
The ice at 531 cm was from a zone of fairly coarse-
grained frazil and contained crystals upto 5 mm in
diameter. At 123 cm the ice was composed entirely
of fibrous-textured congelation ice with plate
spacings averaging 0.6-0.7 mm. The c-axes were
moderately aligned, deviating by no more than 25°
on either side of the average alignment vector. The
section at 172 cm showed principally congelation
ice; occasional inclusions of small grain clusters
were of frazil origin. Plate spacings averaged 0.8
mm in congelation crystals, which in this section
were not azimuthally oriented. At 212 ¢m the ice
was composed entirely of congelation crystals with
c-axes aligned within a 35-40° range. Plate widths
averaged 0.8 mm. Again, the section at 254 ¢m
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Figure 23. Salinity and fluorescence profiles, vertical structure section and horizontal thin
sections of ice floe 51-G-3.
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consisted solely of congelation ice in which crys-
tals were very strongly aligned in the same direc-
tion as crystals in the section from 212 em. The ex-
istenice of aligned c-axes in the two major zones of
congelation ice indicates that both zones originat-
ed either in fast ice or under stationary conditions
in the winter pack ice, Unfortunately, cores from
the two zones could not be oriented with respect to
one another, so we couldn’t tell if both zones ex-
hibited identical c-axis alignments,

Site 54-A-1 (Fig. 24}

This was a multi-year floe exceeding 5 m in
thickness, as determined by drilling, though only
4.1 m of core was actually recovered for analysis.
The recovered core consisted of 73% frazil and
27% congelation ice, with the latter confined to
two layvers in the top half of the core. No horizon-
tal thin sections were prepared, so observations of
the structural characteristics of this floe were lim-
ited to vertical sections. The salinity profile

showed appreciable desalination of the ice in the
top meter, with the average salinity less than
£.6%y, in this section of the floe, In the younger ice
below 200 cm, the average salinity exceeded 4%,.
The maximum salinity, 6.2%, was recorded at the
bottom of the core. The mean salinity for the 410
cm of recovered core measured 3.5%,. Structural-
ly the first year’s growth, probably of fast ice ori-
gin, apparently terminated at the bottom of the
second layer of congelation ice, with all subsequent
ice growth occurring as frazil. Fluorescence peaks
ranging from 2050 to 2450 were all restricted to
the congelation ice. An abrupt decline to less than
100 characterized the frazil ice from below 240
cm. As shown in Table 2, 3'*0 analyses of frazil ice
from three levels in 54-A-1 are all consistent with
crystallization in normal seawater.

Site 54-G-2 (Fig. 25)
This floe contained multi-year ice measuring
more than 5 m thick, as determined by drilling.
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Figure 25. Salinity and fluorescence profiles, vertical structure sec-

tion and horizontal thin sections of ice floe 54-G-2.




Excellent cores were obtained to a2 depth of 3.1 m,
but all deeper ice consisted of wafered platy crys-
tals that were loosely consolidated and difficult to
exiract as continuous cores. The latter cores may
represent underwater ice as described by Russian
observers at Antarciic coastal locations (for exam-
ple, Serikov 1963).

Structurally the ice at site 54-G-2 consisted of
alternating lavers of frazil and congelation ice in
approximately equal proportions in the top 200
cm; beneath that was a zone, nearly 100 cm thick,
composed of a mixture of coarse-grained frazil
and plate-like crystals of congelation ice exhibiting
vertical c-axes. This zone appeared structurally
transitional between the congelation layer directly
above and the wafery, plate-like crystals below
260 cm. lce from the top meter of the floe con-
tained numercus brine drainage channels, consis-
tent with the desalination indicated by the salinity
profile. The bottom of the second layer of congel-
ation ice probably marks the termination of first-
year ice growih. A moderate to strong alignment
of ¢-axes in the two congelation ice layers is inter-
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preted as indicating growth under either fast-ice
conditions or in the immobile part of the winter
pack. Widespread banding was also observed in
the top congelation ice layer. Most salinity values
below 120 cn exceed 3.8%,,, which is the average
salinity of the floe due to the desalination in the
top 120 cm. Fluorescence peaks of 1260 and 1320
were confined to the frazil ice layer at 1.2-1.7 m,
and the fluroescence was positively correlated with
salinity in this floe to a depth of about 260 cm.
The unigue structure of this core coincides almost
exactly with that of core 54-A-1, obtained from a
floe about § km away. We suspect these two floes
broke off from the same piece of fast ice and then
diverged slightly as the pack driftec.

Site 60-A-5 (Fig. 26)

1t is difficult to determine the age of this floe
but the relatively high salinities in the top half of
the floe indicate that it is first-year ice, albeit thick
{2.43 m). Structurally, however, the transition
from congelation to frazil ice at about 140 cm
might signal the onset of growth of second-year
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Figure 26. Salinity and fluorescence praofiles, vertical structure section and horizontal thin

sections of ice floe 60-A-5.



ice. The average salinity measured 4.1%,. An un-
usually rapid decrease in salinity was recorded be-
tween 140 and 240 cm. This was closely paralleled
by changes in fluorescence. Four samples of frazil
were analyzed for 4'°0 at locations indicated in
Table 2. These data are consistent with crystalliza-
tion from ordinary seawater.

Site 60-G-5 (Fig. 27}

Fhis core, from a first-vear floe 1.52 m thick,
consisted of congelation ice {60%) and frazil
{40%) in alternating layers, The bottom layer of
congelation ice was composed of large crystals
showing moderate {0 strong c¢-axis alignment, The
average salinity was 4.6%,. The fluorescence pro-
file was characterized by several peaks of 400-3500
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in the top 50 cm and in cores from near the bot-
tom; the maximum value of 924 was at the bot-
tom, Measurements of §'*C levels in frazil from
8-12 cm and 69-75 cm were +0.21%, and
+0.06%w, respectively, indicating crystallization
of the frazil from seawater containing a small in-
put of freshwater,

Site 61-A4-1 (Fig. 28)

This 1.32-m-thick first-year floe was composed
of alternating layers of frazil {totalling 50% of the
ice thickness) and congelation ice (45%), overlain
by a mixed layer of snow and frazil ice (5%). The
salinity averaged 4.8%,. This floe was character-
ized by very high relative values of fluorescence,
including a peak of 6595 in the congelation ice
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Figure 27. Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 60-G-5,
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Figure 28. Salinity and fluorescence profiles and vertical structure
section of ice floe 61-A-1.
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near the top of the floe. In this instance the salini-
ty and fluorescence profiles showed a strong
positive correlation.

Site 61-4-2 (Fig. 29)

This was a multi-vear fioe, 4.82 m thick, con-
sisting of alternating layers of frazil and congela-
tion ice in the top 230 c¢m, underlain by 250 ¢cm of
{razil ice containing just one thin layer of congela-
tion ice at 290 cm. Whereas the frazil in the top
230 cm occurred in a variety of grain sizes, varying
from ! to 6 mm or more, the thick layer of frazil in
the bottom half of the floe was composed of crys-
tals of relatively uniform size (3-4 mm). Frazil ice
accounted for 69% of the toial ice thickness. The
top 4% of the floe was composed of a mixture of
snow and frazil ice inciuding about 10 cm of
coarse-grained recrystallized snow. The age of this

floe is difficult to determine from its structure. We
might speculate that the end of the first-year’s
growth was the bottom of the congelation ice layer
at 230 ¢m, with all subsequent growth occurring
within the frazil regime. ¥rom the top of the floe
to a depth of 80cm, the salinities did not exceed
1%w. The salinity was highly variable in the deeper
ice, with values ranging from 2 to 7%,. The aver-
age for the entire floe was 3.2%,. Peak fluores-
cence values fluctuated in approximate accord
with salinity values, including a maximum fluores-
cence of 2046 in the frazil ice just below the
frazil/congelation transition at 230 cm. Minimal
fluorescence was recorded in ice below 360 cm.

Site 61-G-1 (Fig. 30
Classified as multi-year ice, this 3.01-m-thick

floe was composed of uniform-sized granular

frazil jce to a depth of 220 cm, underlain by a puz-
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Figure 29. Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 61-A-2.
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Figure 30. Salinity and fluorescence profifes, vertical structure section
and horizontal thin sections of ice floe 61-G-1.

zling ice type consisting substantially of large ice
plates, that were not demonstrably of congelation
columnar ice origin. This ice may have been skele-
ton layer ice, similar to the sub-ice platelet layer
reported forming beneath landfast sea ice in
McMurdo Sound (Gow et al. 1982, Paige 1966),
with properties midway between those of congela-
tion ice and frazil. The floe was substantially de-
salinated in the top 30 cm; the average salinity was
3.7%,. Relatively high fluorescence values in the
bottom platy crystal zone, including a peak of
3690 at 230 cm, coincided with algae-rich bands.
Samples from four levels in the floe were analyzed
for 6'*0. As shown in Table 2, only the topmost
sample (6'*0 = —0.97%,) indicated that some in-
put of freshwater, probably snow, had occurred
prior to freezing. The deeper samples all yielded
550 values consistent with freezing from normal

seawater.
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Site 62-A-1 (Fig. 31)

This 2.92-m-thick floe was identified as of
multi-year origin on the basis of its salinity profile
and crystalline texture. Apart from a 40-cm-thick
layer of frazil ice possibly mixed with snow in the
top 10 cm, this floe was composed entirely of
frazil ice of variable grain size and texture includ-
ing bands of oriented crystals of the kind dis-
played in the thin section from the bottom of the
floe. The average salinity was 3,1%,; the peak sa-
linity measured 6.1%. Fluorescence maxima, in
excess of 5000, were recorded in a zone between 5¢
and 120 cm in which salinities were also elevated.
The same zone also displayed evidence of exten-
sive brine channeling, suggesting that high brine
and fluorescence levels may be closely linked to
mobilization of the brine, Measurements of §'%0 at
five levels (Table 2) all yielded values consistent
with frazil formation in normal seawater,
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Figure 31. Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 62-A-1.

Site 62-G-2 (Fig. 32)

The age of this 3.06-m-thick floe was difficult to
ascertain. On the basis of its thickness we have
concluded that it was of multi-year origin. The ele-
vated salinity at the top of the floe was attributed
to flooding and was apparently not an indication
of very thick first-year ice. However, the floe is
unusual in that it consisted entirely of frazil ice,
which could have accumulated in a single season;
more interestingly the frazil occurred in a variety
of grain sizes and textures, as demonstrated in the
thin sections (Fig. 32). Except for the fine-grained
frazil ice at the top of the floe, all the sections dis-
played coarse-grained textures, with grains up to
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10 mm or more in their longest dimensions. The
coarse crystals of the bottom ice, which occasion-
ally showed dimensional orientation, may indicate
a growth regime transitional to skeleton ice or
congelation ice formation. The range of textures
in this floe suggests that several separate regimes
of frazil ice growth had contributed to its struc-
ture. An average salinity of 3.3% is in accord with
multi-year ice of about 3 m thickness. Fluores-
cence peaks of 1152 and 1258 occurred at the top
and bottom of the floe, respectively. Generally the
fluctuations in salinity and fluorescence were as
strongly correlated in this floe as they were in any
other floe we examined.
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Figure 32. Salinity and fluorescence profiles, vertical structure section and horizontal thin

sections of ice floe 62-G-2.

CONCLUSHONS

Observations of the internal structure of 62 ice
floes in the Weddell Sea, Antarctica, have revealed
the existence of granular ice, principally frazil, in
amounts not previously observed in the Arctic or
the Antarctic. In many of the Weddell Sea floes,
especially multi-year floes, frazil was the domi-
nant component of the ice, averaging 72% of the
ice thickness of 13 multi-year floes and 37% of 49
first-year floes we examined. The overall average
composition was 54% frazil ice, 39% congelation
ice and 7% admixtures of the two, together with
snow ice restricted to the tops of floes. Such wide-
spread occurrence of frazil has resulted in excep-
tional thicknesses of ice, with up to 5 m growth in
less than two vears. Frazil ice also occurred in a
variety of textures and in relationships with conge-
lation ice, including frequent sandwiching of frazil
between layers of congelation ice, that indicate
that mechanisms other than surface turbulence ef-
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fects, including rafting events, have contributed to
frazil ice production in the Weddell Sea. These
other mechanisms are believed to include thermo-
haline convection, related to surface freezing and
the formation of descending brine plumes, and
adiabatic expansion of seawater ascending from
beneath the Filchner and Ronne ice shelves, which
form the rear boundary of the Weddell Sea em-
bayment. Oxygen isotope analyses of frazil from
13 floes (7 first-year and 6 multi-year) show that it
is predominantly of normal seawater origin and is
not associated with melt, such as freshwater from
bottom melting of ice shelves. The abundance of
frazil in Weddell Sea floes contrasts dramatically
with its strictly limited occurrence in Fram Strait,
the principal outflow region of sea ice from the
Arctic basin. Results obtained by Tucker et al.
{1985} during MIZEX-84 indicate that, on aver-
age, undeformed floes in Fram Strait contained
less than 15% granular ice {including snow ice as
well as frazil). Amounts in excess of 15% were in-




variably confined to areas of ridged ice, where the
granular ice was usually located in the voids be-
tween tilted blocks of congelation ice.

In the Weddell Sea floes, congelation ice was
most prevalent in first-year ice, averaging 58% of
the ice thickness of 49 floes. It was structurally
similar to Arctic congelation ice, and its c-axes
often had a preferred alignment. These alignments
are probably related to the orienting effect of cur-
rents on crystal growth at the ice/water interface.
This is likely to have happened during shelffast jce
growth or under tight winter pack conditions.

Large plate crystals, several centimeters long,
were observed forming at the botiom of the thick-
est floes. They appear to form by direct freezing to
the underside of existing ice. This plate ice is struc-
turally very similar, if not identical, to the sub-ice
platelet layer observed at the base of sea ice sheels
at coastal locations in Antarctica.

Thickness and salinity measurements of the 66
floes we examined in the Weddell Sea did not re-
veal ice demonstrably older than two years.

The Weddell Sea pack ice was appreciably more
saline than sea ice of comparable age and thick-
ness in the Arctic. For example, the average salin-
ity of 61 profiles from 49 warm first-year floes
measured 4.3%, compared to values of around
3% reported for warm Arctic ice of comparable
thickness. Similarly measurements of 14 warm
multi-year floes yielded an average salinity of
3.5%,, which also exceeds that of warm Arctic
first-year ice and is appreciably higher than the
2-2.5%, value reported for Arctic floes of com-
parable age and thickness (3-5 m). Enhanced sa-
linity of Weddell Sea floes is attributed to the lack
of top surface summer melt, allowing floes to re-
tain brine that would otherwise be flushed out by
downward percolation of surface meltwater, the
primary cause of brine loss and desalination of
Arctic summer ice.

Fluorescence proved useful as an index of com-
bined living and dead material in the ice. How-
ever, extensive measurements of 68 profiles failed
to establish any consistent relationship between
fluorescence and salinity, as had been suggested
by earlier work in the Weddell Sea. However,
measurements did reveal a variety of habitats,
consisting of surface, near-surface, interior and
bottom populations in Weddell Sea pack ice, in
striking contrast tc the fast ice in McMurdo
Sound, where biology is dominated by late-season
bottom communities.
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