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Arrays of sea-ice cores were taken at 0.25-, 2-, and 20-m spacing from three floes of 
presumably 2 years' age in the northwestern Weddell Sea. Texture, salinity, chlorophyll a, and 
nutrient concentrations were determined in order to study the small-scale variability of these 
properties. Their vertical distribution patterns are similar between core samples from a specific floe. 
Mean salinity exhibits generally low standard deviations between cores (mostly <0.3 ppt; in one 
case as high as 0.95 ppt). At specific depth levels, very high differences may occur, such as 
maximum salinity differences of more than 10 ppt at the top of floes. Mean chlorophyll 
concentrations vary up to one order of magnitude on small scales, which is as high as the regional 
variability exhibited by cores from the entire study area. Excepting ammonium, concentrations of 
nutrients vary much less than chlorophyll. Individual profiles and variability of nutrients are tied to 
chlorophyll concentrations. The variability of salinity and chlorophyll seem linked to the 
distribution of large-scale, secondary pores within the ice. 

1. INTRODUCTION 

A substantial proportion of introductory paragraphs in 
publications dealing with the sea-ice cover of the Southern 
Ocean emphasizes its vast areal dimensions. After all, by 
virtue of its very extent (winter maximum of approximately 
20x10 6 km 2 [Gordon, 1981], Antarctic sea ice plays an 
important role in the global climatic system. Apart from 
controlling the exchange processes between ocean and 
atmosphere and raising the global albedo, the sea-ice cover has 
great influence on the biological activity in Antarctic waters 
and houses its own community of proto- and metazoans 
[Horner, 1985] as well. It is the aim of this study, however, to 
delve into the realms of small-scale spatial variability of sea- 
ice characteristics, focussing on texture, salinity, chlorophyll 
a, and nutrient concentrations. The variability of these 
properties in the range of meters to tens of meters is of 
importance for at least two reasons: on the one hand, most 
studies of sea-ice related processes on a regional scale have to 
incorporate information about small-scale characteristics; on 
the other, evaluation of data obtained through point sampling 
is rendered difficult, if knowledge about the relationship 
between core samples and their immediate surroundings is 
lacking. 

The small-scale variability of sea-ice salinity has 
received some attention as an important parameter in the 
context of ice-ocean interaction and sea-ice ageing. Weeks and 
Lee [1958] were the first to look in detail at the vertical 
variability of salinity. On the basis of further studies, Cox and 
Weeks [1988] modelled the vertical salinity profile of first- 
year sea ice. The lateral distribution of salinity has received 
less attention. Weeks and Lee [1962] sampled young pancake 
ice in Thule Bay, Greenland in grids of less than a meter to 
more than 100 m in size. Lake and Lewis [1970] performed 
salinity measurements on a block of Arctic sea ice of 1.6 m 
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thickness for their study of salt rejection by sea ice. Cox and 
Weeks [1974] sampled a 17-m profile with 1-m spacing 
through a ridge in multiyear ice of the Beaufort Sea. In a more 
recent publication, Tucker et al. [1984] report on small-scale 
horizontal salinity variations in Arctic first-year sea ice from 
Prudhoe Bay. Their five core samples taken at a spacing of 
0.38 to 0.76 m exhibited substantial horizontal variations 

attributed to differential brine drainage. 
The variability of other sea-ice properties such as 

texture or distribution of organisms is only beginning to be 
studied systematically. Gow et al. [1987], in their work in the 
northwestern Weddell Sea, took different core samples from the 
same floe on several occasions; yet they did not specifically 
correlate results from different sites. The patchiness of 
colonization of sea ice by organisms ranging from bacteria to 
small metazoans has been pointed out and studied by several 
authors [e.g., Bunt and Lee, 1970; Clasby et al., 1976; Clarke 
and Acldey, 1984; Spindler and Dieckanann, 1986; Garrison et 
al., 1986; Bartsch, 1989]. However, very few, if any, authors 
have considered both the vertical and horizontal patterns of 
distribution along with the causes of this variation. This study 
is meant to focus on these very issues. 

2. METHODS 

During leg 1 of the European Polarstern Study (EPOS) in 
October/November 1988 and the Winter Weddell Gyre Study 
(WWGS) during September/October 1989 three ice floes in the 
northwestern Weddell Sea were selected to study the variability 
of sea-ice properties. Employing a 4 in. (10-cm) CRREL auger, 
three cores, situated at the apices of a 20-m equilateral triangle, 
were extracted from floe 1. On floe 2, three additional cores 
were obtained from a triangular sampling site of approximately 
2 m side length, centered within the 20-m triangle (Figure 1). 
On floe 3, the two triangular sampling grids were of 20-m and 
0.25-m spacing. We tried to ensure that the sampled floes were 
representative in appearance of the surrounding ice pack and 
that the areas selected for coring exhibited a smooth and flat 
surface without any visible signs of ridging. In the immediate 
vicinity of these sites, ice and snow thicknesses were measured 
along 100-m profiles with a spacing of 1 or 2 m between holes 
[Lange and Eicken, 1991]. 
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Immediately after sampling, cores were transferred to an 
insulated tube for temperature measurements at 5-cm intervals 
along the entire core. After transfer to the ship, samples were 
stored at -30 øC to avoid movement of brine within the cores. 
Texture and stratigraphy were determined on vertical thick 
sections as well as horizontal and vertical thin sections 

prepared in a glaciological cold lab on board the ship. 
According to their stratigraphy, cores were cut into sections of 
equal texture. Approximately half of each section was melted at 
5 øC in the dark overnight. Following the determination of 
salinity with a temperature-compensating WTW LF2000 
conductivity meter, samples were filtered on Whatman glass- 
fibre filters for analysis of chlorophyll a employing a standard 
fluorometric method [cf. Evans and O'Reilly, 1983]. The error 
of determination is estimated at 0.5% of the measured value for 

salinity measurements with the WTW LF2000. Chlorophyll 
measurements are accurate to within <0.1 mg/m 3. 
Approximately a third of each section from floe 2 was 
transferred at-30 øC to the Alfred-Wegener-Institut, where 
concentrations of silicate, phosphate, nitrate, nitrite, and 
ammonium were measured on cores that had melted within few 

hours at 4 øC in the dark. The detailed analytical method is 
outlined by Spies et al. [1988]. 

3. RESULTS 

3.1. Regional Setting and Glaciological 
Characteristics of Sampling Sites 

Floes 1 and 2 were sampled on October 21 and 
November 3 of 1988, floe 3 on September 17, 1989. The 
surrounding ice cover, as typical for the northwestern Weddell 
Sea, consisted mainly of older floes thicker than 1 m. These 
had followed the circulation pattern of the Weddell Gyre [e.g., 
Deacon, 1979] and were on the verge of being released into the 
zone of lower ice concentration due to divergent flow conditi- 
ons and ice melting. Satellite observations [Zwally et al., 
1983] show that the western Weddell Sea is ice covered 
throughout the year, contributing approximately 40% to the 
perennial ice cover of the Southern Ocean. 

Based on our work in the area we are led to believe that 

all three floes discussed in this paper consist of second-year 
ice, having survived one summer season [World 
Meteorological Organization, 1985]. This is substantiated by 
a number of findings. 
1. With mean ice thicknesses of 1.81, 1.51, and 1.46 m for 
all three floes, a 2-year history seems likely when taking into 
account a mean thickness of approximately 0.6-0.7 m for 
undeformed first-year ice as found by Wadhams et al. [1987] in 
the Eastern Weddell Sea. 

2. The probability density function (pdf) of ice-thickness in 
the northwestern Weddell Sea exhibits two distinct peaks: one 
at 0.5 m, another at 1.3 m, corresponding to undeformed first- 
and second-year ice [Lange and Eicken, 1991]. 
3. What is said under finding 2 applies to the pdf of snow 
depths on ice floes as well. The frequent occurrence of ice 
layers and lenses also suggests survival of one summer season. 
4. The conversion of snow into polygonal granular ice in the 
top centimeters to decimeters of the ice cover, the occurrence 
of clear, low-salinity salinity layers composed of recrys- 
tallized sea ice, or the abundance of melting and brine drainage 
features suggest that floes have survived the warming during 
the previous summer. 
5. The mean total salinities of 4.55, 3.98, and 5.36 ppt for 
the three floes are lower than salinities found in Arctic or 

Antarctic first-year sea ice sampled at roughly the same time of 
year [e.g., Cox and Weeks, 1974; Clarke and Ackley, 1984; 
Eicken and Lange, 1989]. The decrease in salinity towards the 
top of the cores corresponds to the structural modifications 
outlined under finding 4. 
6. The composition of sea-ice microbial communities, i.e., 
large numbers of resting spores in the upper half [E.-M. 
N6thig, personal communication, 1989] and a strong chloro- 
phyll maximum corresponding to last summer's plant growth 
at half-depth, is also indicative of second-year floes. 

These findings do not necessarily comply with the 
existing concept of second-year ice in the Weddell Sea. In their 
study of Western Weddell sea ice, Gow et al. [1987] considered 
21% of the 66 floes they sampled to have survived at least one 
melt season; the thinnest floe regarded as second-year by Gow 
and co-workers was 2.4 m thick. However, from the drilling 
results of Wadhams et al. [1987] and considering an oceanic 
heat flux as high as 40 W/m 2 found by Gordon and Huber 
[1990] for the eastern Weddell Sea, the lower boundary of the 
second-year ice thickness spectrum is expected to be 
approximately 1.2 m. 

The lateral and vertical differences of ice properties 
observed between separate cores are always brought about by 
an interplay of short- and long-term events in the history of 
the ice. Whether these differences are more pronounced in 
younger or older ice, and how floe age affects the variability of 
sea-ice properties will be discussed later on. 

3.2. Variability of Properties: Floe 1 

3.2.1. Floe characteristics. Floe 1 was situated in the 

inner marginal ice zone at 62ø40'S 53ø25'W. Its mean 
thickness, determined by drilling a 100-m thickness profile, 
amounted to 1.81 m with a standard deviation of 0.65 m. The 

mean snow depth was 0.40 +/- 0.13 m. The floe was segmented 
into flat areas of approximately 1.5 m thickness framed by 
ridges extending more than 3 m below water level. Ice 
thickness at sampling points 1 to 3 varied considerably 
(Figure 2), whereas snow depth, ranging between 0.43 and 
0.54 m, did not reflect a rough topography at the site. 

Snow surface temperatures were at-4.0øC, ice 
temperatures from top to bottom increased linearly from 
approximately -4.0 øC at points 2 and 3 and -2.8 øC at point 1 
to -1.9 and-2.0 øC 0.05 m above the ice-water interface. 
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Fig. 2. Stratigraphy of cores 1 to 3 from floe 1; the numbers at the bottom indicate the 
length of core in centimeters. 

3.2.2. Texture. The stratigraphies of cores 1 to 3 are 
shown in Figure 2. The dominating textural class is that of 
columnar ice, formed through congelation of seawater at the 
advancing ice-water interface [Weeks and Ackley, 1982]. 
Whereas the top of core 1 is composed of orbicular granular 

ice, formed presumably through consolidation of frazil ice, 
cores 2 and 3 consist of polygonal granular ice in the upper 0.1 
m, most likely resulting from modification of snow under the 
influence of brine (details on the textural classification may be 
found in Eicken and Lange [1989]). In between columnar and 
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granular segments, all cores exhibit a small band of mixed 
columnar/granular (mixed c/g) texture marking the transition 
from frazil to congelation growth [Weeks and Acidey, 1982]. 
Core 3 exhibits a zone of intermediate c/g texture that may 
indicate rough hydrodynamic conditions during ice growth 
[Eicken and Lange, 1989]. 

The distribution and size of pores is essentially the 
same within all three cores. Pockets and layers of brine less 
than 1 mm wide are evenly distributed throughout the cores, 
whereas brine channels and cavities of more than 5 mm 

diameter occur mostly in the upper portions and near the 
bottom, where brine channels as long as 14 cm were found. 

3.2.3. Salinity. Table 1 indicates the mean salinity and 
the standard deviation for all three cores. Considering the large 
differences in length between cores, the deviation of 0.16 ppt 
from the total mean is quite low. In fact, Tucker et al. [1984], 
in their study of variability in Arctic first-year ice, found a 
higher deviation value of 0.22 ppt for five cores that differed 
by less than 2.5% in length. 

TABLE 1. Properties of Cores From Floe 1 

Core 

0.0 

0.0 

0.5 - 

. 

1.0 -- 

1 2 3 4 

Length, m 1.27 1.965 2.15 +/- 0.46 

Mean salinity, ppt 4.45 4.47 4.74 +/- 0.16 

Fig. 3. Salinity profiles of cores from floe 1; for this and all 
other plots, the curve is drawn through the midpoints of 
individual sections, and the depth scale is normalized to unity. 

Mean chlorophyll a 1.26 0.82 0.64 +/-0.32 
concentration, mg/mg 3 

The actual salinity profiles are shown in Figure 3. In 
order to allow direct comparisons between different samples, 
depths within the cores have been normalized with respect to 
total thickness. It is evident that the internal portion of the ice 
cover exhibits roughly the same salinity distribution, 
substantial differences between samples occur mostly at the 
top and the bottom (with maximum differences of 6.0 and 6.8 
ppt in the top 0.1 m and the bottom 0.2 m, respectively). The 
low salinity of 1.2 ppt for the uppermost segments of core 3 
corresponds to the occurrence of polygonal granular ice. In 
core 1, a high salinity of 7.1 ppt is matched by a band of 
orbicular granular texture. In order to illustrate the overall trend 
inherent within the profiles, the data have been fitted by third- 
order polynomials (Figure 4). The resulting curves show that 
profiles are invariably shaped like an reversed "S". 

3.2.4. Chlorophyll a concentration. Mean and standard 
deviation of chlorophyll a concentrations are given in Table 1. 
The deviation is not as high as one might expect, considering 
the patchy distribution and complex composition of sea-ice 
microbial communities. From the chlorophyll a profile (Figure 
5), it is evident that the total standing crop is essentially 
derived from approximately twenty centimeters of ice in the 
middle and at the bottom of cores. While concentration 

increases at the very bottom in both core 2 and 3 and the 
internal concentration maxima of these two almost coincide, 
the internal peak of core 1 is offset by about 0.25 units towards 
the top. This offset accounts for the maximum difference in 
chlorophyll concentration of 6.6 mg/m 3 in the bottom fifth of 
cores 1 and 2. When plotted on a logarithmic scale (Figure 6), 
the exponential trend of increasing chlorophyll content 
towards the bottom becomes apparent. An exponential fit to 
the curves yields exponential coefficients of 3.27, 4.18, and 
3.54 for 1, 2, and 3, respectively. 
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Fig. 4. Polynomial fit of the salinity data shown in Fig. 3. 

3.2.5. Numbers of foraminifers in cores. As one 
important group of protozoan ice organisms [Spindler and 
Dieckmann, 1986], foraminifers were counted in every core- 
subsample. Table 2 lists the number of cells per liter for the 
upper, middle, and bottom third of all cores. Overall, the data 
suggest a rather erratic vertical distribution of individuals 
within the ice. The horizontal differences between mean 

concentrations are actually smaller than the vertical 
variations. 
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Fig. 5. Chlorophyll a concentration profiles of cores from Fig. 6. Chlorophyll a concentration profiles of cores from 
floe 1; the x axis is scaled linearly. floe 1; the x axis is scaled logarithmically. 

TABLE 2. Concentration L-1 of foraminifer cells CF in Cores From 
Floe 1, Specified for Upper, Middle, and Lower Third of Core 

Core 

1 2 3 

C F Upper third 

C F Middle third 

C F Lower third 

3.0 0.5 0.0 

0.8 0.0 3.1 

1.6 10.4 3.6 

3.3. Variability of Properties: Floe 2 

3.3.1. Floe characteristics. Floe 2, encountered in the 

closed pack-ice zone at 63ø21'S 47ø37'W, lacked the rough 
topography characteristic of floe 1. The mean ice thickness 
amounts to 1.51 m for the 100-m profile with a small standard 
deviation of 0.12 m. Snow depth did not vary substantially 
with a mean of 0.30 +/- 0.11 m. The snow surface temperature 
amounted to -2.2 øC. Temperatures within the ice increased 
linearly from -3.4 øC at the snow-ice interface to -1.9 øC at the 
bottom. 

3.3.2. Texture. Figure 7 shows the stratigraphies of 
cores 1 to 3 (20-m spacing) and 4 to 6 (2-m spacing). All cores 
seem segmented into an upper and a lower portion: the upper 
consisting of numerous, thin layers of columnar, orbicular 
granular, mixed c/g, and intermediate c/g texture, the lower 
made up mostly of thick units of columnar ice (see Table 3 for 
correspondence in number of stratigraphic units in top and 
bottom half). Five cores are topped by few centimeters of 
porous polygonal granular ice. Pores of larger dimensions 

occur throughout the cores. The largest brine inclusions were 
found in core five, with cavities as large as 3 cm in diameter 
and 10 cm in length at depths of 0.52 to 0.67 cm. 

3.3.3. Salinity. The mean salinities for cores 1 to 3 
and 4 to 6 along with standard deviations are indicated in Table 
4. Deviations from the total mean are extremely low overall. 
The close correspondence in mean total salinity between the 
six cores is all the more astonishing when looking at the 
individual profiles (Figure 8), which exhibit a large amount of 
scatter between individual samples at practically all depths. 

_ _ . 

The maximum salinity difference at a specific depth level (4.8 
ppt) occurs in the top 0.5 m of cores 1 and 4. As shown for the 
samples from floe 1, differences between the uppermost 
segments correspond to different amounts of polygonal 
granular ice formed through recrystallization of sea ice and 
snow. The general profile characteristics are accentuated by 
fitting third-order polynomial functions to the data points 
(Figure 9). Here, the individual curves agree quite well with one 
another; as for the cores from floe 1 an "inverse-S" shape is 
met by all profiles excepting core 3. 
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Fig. 7. Stratigraphy of cores 1 to 6 from floe 2; the numbers at the bottom indicate the 
length of core in centimeters. 

3.3.4. Chlorophyll a concentration. The mean profiles (Figure 10) all exhibit the same pattern with a steady 
chlorophyll a concentration of the cores varies considerably increase towards a distinct maximum near the middle and a fall- 
(see Table 4), with differences of more than one order of off with another slight increase at the very bottom. The 
magnitude. Yet, plotted on a logarithmic scale the actual position of the maximum does not vary significantly between 

cores with a maximum offset of less than 0.1 units on the 

relative depth scale. It is mainly this very maximum that 
TABLE 3. Number of Stratigraphic Units N S in Cores From Floe 2, causes such high deviations in mean chlorophyll 

Specified for Upper and Lower Half of Core concentration between cores and accounts for the maximum 

Core 

1 2 3 4 5 6 

NS Upper half 7 12 11 10 11 12 

NS Lower half 2 3 3 3 5 1 

chlorophyll difference of approximately 167 mg/m 3. 
The chlorophyll a concentrations at these peaks (71 

and 169 mg/m 3 in cores 2 and 5, respectively) range among 
the highest reported for drifting Antarctic sea ice so far [cf. 
Garrison et al., 1986]. In all six cores these high 
concentrations appeared as dark patches and bands and were 
associated with large numbers of brine channels and pockets up 
to 3 cm in diameter in four cores. At this depth level 

3.3.5. Nutrient concentrations. The mean 

TABLE 4. Properties of Cores From Floe 2 

Length, m 

Mean salinity, ppt 

Mean chlorophyll 
concentration, 
mg/m 3 

Core 

1 2 3 S.D. 4 5 6 S.D. 

1.465 1.27 1.47 +/- 0.11 1.49 1.45 1.54 +/- 0.04 

3.63 4.02 4.06 +/- 0.24 4.02 4.02 4.15 +/- 0.07 

1.20 6.89 4.49 +/- 286 10.21 17.85 2.93 +/- 7.46 
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Fig. 8. Salinity profiles of cores from floe 2. Fig. 10. Chlorophyll a concentration profiles of cores from 
floe 2; the x axis is scaled logarithmically. 

concentrations of nutrients are listed in Table 5. Whereas 

values for silicate, nitrate, and nitrite vary to a lesser extent 
between core samples, phosphate and especially ammonium 
exhibit variations of the same order as those for chlorophyll 
concentrations. Excepting nitrate and nitrite, the variations 
between samples taken at 2-m spacing is much larger than for 
less closely spaced samples (Table 5), paralleling the 
chlorophyll distribution that exhibits a higher variance at 
small spacing as well (Table 4). Table 6 shows the correlation 
matrix for nutrients, salinity, and chlorophyll concentrations. 
Nitrate concentrations exhibit no significant correlation at the 
1% level (101 degrees of freedom [cf. Shedecor and Cochran, 
1980]) except for a negative correlation with phosphate. 

0.0 6,0 8.0 

0.0 t , , , I 

0.5 - 

1o0 -- 

Fig. 9. Polynomial fit of the salinity data shown in Fig. 8. 

Excepting also nitrite and chlorophyll, all other pairs of 
variables are correlated at the 1% level of significance. Highest 
positive correlation coefficients are exhibited by ammonium 
and silicate, ammonium and phosphate, chlorophyll and 
ammonium, and chlorophyll and silicate. 

In accordance with these observations, the actual 

profiles of ammonium, silicate and phosphate concentrations, 
which are not shown here, vary between cores in a pattern 
similar to that of chlorophyll concentrations with a distinct 
maximum at half-depth (Figure 10). Whereas ammonium and 
silicate concentrations exhibit the same degree of variability 
as salinity, phosphate concentrations are unanimously low 
except for a well defined peak that corresponds to the 
chlorophyll maximum at half-depth. Nitrate concentrations 
follow a different pattern with much larger concentrations and 
higher variability in the bottom half of cores (Figure 11). 

3.4. Variability of Properties: Floe 3 

Even though floe 3 is similar both in large- and small- 
scale properties to floe 2 its characteristics will be presented in 
tabulated form (Table 7) because it differs from the previous 
cases with re•gard to two important aspects. The floe was 
situated at 64u38'S, 44 ø 16'W in the closed pack-ice zone. In 
the field it exhibited virtually no signs of deformation 
(ridging), with a mean thickness of 1.46 m and a standard 
deviation of 0.29 m. Snow depths amounted to 0.74 +/- 0.10 
m. Texturally, cores were segmented into lower and upper half 
similar to floe 2 (see Table 7), the top 20 cm exhibiting a large 
degree of retexturing and presumably a significant contribution 
of snow to the ice cover, reflected in low salinity values. The 
occurrence of numerous layers of alternating texture in the 
upper portions of the floe is suggestive of highly variable 
growth conditions and extensive rafting during its early 
history (cf. floe 2). 

The scatter between mean chlorophyll concentrations 
is almost as high as for floes 1 and 2; the maximum values 
occur at more or less the same depth level. However, with 
regard to the samples discussed above, two aspects should be 
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TABLE 5. Nutrient Concentrations (mmol/m 3) in Cores From Floe 2 

Core 

1 2 3 S.D. 4 5 6 S.D. 

NO3 

SiO4 

PO 4 

0.99 

0.29 

2.33 

2.10 

0.27 

1.28 0.72 +/- 0.28 1.14 1.62 1.26 +/- 0.25 

0.29 0.14 +/- 0.09 0.22 0.19 0.19 +/- 0.02 

2.17 1.87 +/- 0.23 3.76 9.78 1.06 +/- 4.46 

3.19 2.51 +/- 0.55 3.51 4.86 2.15 +/- 1.35 

0.36 0.27 +/- 0.05 0.76 1.13 0.52 +/- 0.31 

TABLE 6. Correlation Matrix of Nutrient 

Concentrations (Floe 2) 

Chl NO 3 NO 2 NH 4 SiO 4 PO 4 

S 

Chl 

NO3 

NO2 

NH4 

SiO 4 

0.34 -0.19 0.28 0.38 0.50 0.42 

-0.15 0.22 0.76 0.72 0.62 

-0.13 -0.16 -0.17 -0.25 

0.29 0.27 0.26 

0.86 0.85 

0.83 

pointed out. First, mean salinities between cores vary to a 
much larger degree than do those of floes 1 and 2 (cf. Tables 1, 
4, and 7). In accordance with floe 2, the maximum salinity 
differences at a specific depth level are observed in the top 0.1 
m, with a standard deviation of 5.50 ppt between all six cores 
and a maximum deviation of 14.8 ppt between cores 1 and 4. 
Second, the variability between samples 4 and 6 taken at 0.25- 
m spacing is of the same magnitude as that between cores 
spaced 20 m apart. 

4. DISCUSSION 

4.1. Texture 

All cores exhibit a similar vertical sequence of textural 
units. Out of 15, 13 are topped by polygonal granular ice, 
underlain by a layered sequence of varying texture in floes 2 
and 3. The lower half of all cores invariably consists of 
columnar ice, separated from the upper portion by a 
transitional zone of mixed c/g growth. Yet, tracing and direct 
correlation of strata in geologists' fashion seems out of 
question even for cores located only 0.25 or 2 m apart. This 
can be explained by ice growing at different absolute depth 
levels at the same time, due to the roughness present in the 
lower and upper surface of both deformed and undeformed ice (as 

indicated by diverse and remotely operated underwater cameras; 
Syvertsen, et al., personal communication, 1988). In addition, 
the textural layering of cores is not only due to hydrographic 
changes in growth conditions, e.g., by opening of leads 
nearby or extreme changes in ambient temperatures or current 
speeds, but also results from rafting of thin ice at the onset of 
growth. This may lead to horizontally non-consistent layers, 
as rafted "fingers" or portions of floes may be on the order of 
few decimeters in horizontal dimensions. Fine-grained bands 
or lamina of different texture in the lower half of cores do not 

occur at corresponding depths as well. This seems to suggest 
that smaller changes in the growth regime of congelation ice 
may influence only very limited portions of floes. One has to 
keep in mind, however, that a certain element of bias is 
introduced into this evaluation owing to the fact that naturally 
clear-cut boundaries do not necessarily exist between different 
textural units. 

The stratigraphy of the cores shown demonstrates 
another important aspect of sea-ice growth in the Weddell Sea: 
It may be difficult, if not impossible, to obtain core samples in 
the pack-ice that have not undergone deformation at some 
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Fig. 11. Nitrate concentration profiles of cores from floe 2. 
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TABLE 7. Properties of Cores From Floe 3 

Core 

1 2 3 S.D. 4 5 6 S.D. 

Snow depth, m 

Length, m 

Mean salinity, ppt 

Mean chlorophyll 
concentration, mg/m 

0.62 

1.39 

6.24 

17.90 

0.62 0.65 +/- 0.02 0.59 0.59 0.59 +/- 0.00 

1.24 1.19 +/- 0.10 1.24 1.225 1.24 +/- 0.01 

7.00 5.12 +/-0.95 5.44 4.14 4.24 +/- 0.72 

9.28 10.14 +/- 4.75 3.99 7.39 8.56 +/- 2.37 

Ns, upper half 

Ns, lower half 

8 7 6 7 6 6 

1 1 1 2 2 2 

stage of development. Sea ice in the central Weddell Sea 
appears in fact as the outcome of a sequence of deformational 
events (the so-called pancake cycle [cf. Lange et al., 1989]). 
Yet, even sheets of nilas, grown under the absence of a strong 
wave field, may rarely evade deformation, which occurs in the 
form of rafting (as observed in the southeastern Weddell Sea 
[Eicken and Lange, 1989]). However, surface traces of such 
deformation are effectively concealed by the snow cover which 
develops soon and may conceal even ridges effectively (e.g., 
floe 1, see also Lange and Eicken [1991]). Thus it is difficult to 
appraise the influence of ridging on the variability of sea-ice 
properties. This study shows that floes, which despite their 
smooth surface appear to have undergone extensive 
deformation (i.e., floe 1 with highly variable core lengths), 
may exhibit very little heterogeneity with regard to ice 
properties. Yet, recently formed, conspicuous ridges rather 
imply enhanced heterogeneity, e.g., through vertical 
multiplication or juxtaposition of observed profiles. 

The variability present in the amount and 
characteristics of pore space is much more difficult to 
establish. To simplify the matter, we distinguish between 
small-scale, primary and large-scale, secondary porosity. 
Small-scale pores are formed immediately on consolidation or 
congelation of ice, hence they may be considered primary 
pores. They are mostly smaller than the ice grains and tend to 
decrease in size and number as further growth within the ice 
cover takes place due to cooling. In addition, small-scale pores 
vanish by merging with large-scale pores during ageing of a 
floe. Small-scale, primary porosity will not be considered here 
because 1) our method of investigation appears rather crude 
with regard to voids that are on the order of tenths of 
millimeters in size and 2) we assume that chlorophyll, nutrient 
concentrations, and to a lesser extent salinity are controlled by 
secondary porosity as soon as it is well-developed (see below). 
How well developed? Based, for instance, on the experiments 
of Wakatsuchi and Ono [1983], one would expect a gradual 
transition to occur between the regimes of primary and 
secondary porosity. In fact, the process of large-scale, 
secondary pore development does not cease until complete 
melting of a floe. The samples discussed here, however, have 
certainly reached a mature stage. 

Secondary pores tend to be of the same dimensions or 
larger than the grains, increasing in size during the evolution 
of an ice cover. The majority of cores studied by us exhibited 

substantial large-scale pores (>1 cm) both at top and bottom. 
The top ones probably formed in conjunction with warming 
and retexturing during the previous summer season (cf. section 
3.1), whereas the bottom ones seem a manifestation of more 
recent brine drainage. Within the interior of cores individual 
secondary pores are distributed more or less at random. Thus 
Tucker et al. [1984] could explain the salinity distribution in 
first-year ice through a simple Monte-Carlo simulation of the 
brine-channel distribution. Yet, from small-diameter core 
samples one cannot determine, whether these cavities are not 
in fact part of much larger, ordered structures, such as tree-like 
brine channel systems or layers of interconnected pores. The 
latter case should become more and more common as the 

ablation season approaches and warming of the entire floe 
accompanied by vigorous desalination results in sea-ice 
sponges with salinities decreasing below 2 ppt [e.g., Eicken 
and Lange, 1989]. 

4.2. Salinity 

Three processes determine the vertical and horizontal 
variability of salinity in sea ice: inclusion of brine during ice 
growth, later desalination, and flooding of the ice surface. 
Growth and desalination regime are not bounded by a well- 
defined boundary line, as an ice cover is constantly losing salt 
after its initial formation. Both are, however, linked to the 
distribution of small- and large-scale pore space. Flooding, on 
the contrary, is determined by the depth of snow cover or the 
occurrence of deformation events that depress portions of a 
floe. 

The component of ice salinity that is controlled by 
growth processes may be expected to vary with texture 
horizontally. Yet, the magnitude of these variations is quite 
small, because they are very soon overtaken by variations due 
to differential desalination. The salinity of young nilas, for 
instance, seems generally independent of texture and does not 
vary much in magnitude [Eicken and Lange, 1989, and 
unpublished observations, 1989]. As desalination features 
start to develop, salinity drops to values well below 10 ppt. 
We assume, in agreement with Tucker et al. [1984], that it is 
mainly this desalination process that controls the horizontal 
salinity variations in sea ice. 

Any dependence of salinity on texture may be 
effectively blurred by ageing processes, since these processes 
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are linked to the distribution of secondary pores and thus act on 
a much larger scale than that of primary porosity. Yet, at 
present it is not known how texture, through the distribution 
of primary porosity, may influence the development of 
secondary porosity. No core samples exhibited a correlation 
between texture and salinity except for cases of snow 
metamorphism and warming of the top layer resulting in 
desalination and formation of polygonal granular ice. 

The characteristic shape exhibited by all salinity 
profiles is a result of desalination processes as well. The 
downward flux in combination with warming during the 
summer season leads to lower values at the top. Higher top 
values, on the contrary, may result from retention of brine at 
the top and upward fluxes due to brine expulsion or flooding 
[cf. Martin, 1979; Ono and Kasai, 1985; Eicken and Lange, 
1989]. The bottom part exhibits raised salinities due to its 
young age and brine input from above. This pattern seems to 
be characteristic of all cores, despite larger lateral salinity 
variations. The inverted-S-shape inherent in all profiles (cf. 
polynomial fits in Figures 4 and 9) contrasts with the C-shape 
characteristic of younger first-year ice, as shown by some field 
studies [e.g., Weeks and Lee, 1958; Eicken and Lange, 1989] 
or through numerical modeling [Cox and Weeks, 1988]. For 
reasons outlined above, we regard these discrepancies a result 
of the second-year nature of the floes studied; in fact, the study 
of Nakawo and Sinha [1981] showed that ageing first-year ice 
may exhibit vertical salinity oscillations as well. 

Deformation of floes, in particular ridging and rafting 
of thick segments, would tend to enhance variability through 
juxtaposition of salinity profiles and infiltration and flooding 
of portions depressed below water level. The earlier 
deformation takes place during growth season, the less will the 
salinity profile of a floe be affected by it, since vertical motion 
of brine and formation of secondary pores tend to smooth out 
initial discrepancies. 

The horizontal salinity variations between cores are of 
the same magnitude irrespective of sample spacing. This is 
easily explained by the fact that the distribution of brine 
pockets and channels controls the salinity distribution [cf. 
Tucker et al., 1984] and that the latter are spaced roughly one 
decimeter apart [Lake and Lewis, 1970; Martin, 1979]. Tucker 
et al. [1984] were able to model the variability observed in 
fkst-year ice with a simple Monte-Carlo method based on mean 
brine channel spacing and width of 10 and 3 cm, respectively. 
In this context the salinity changes induced by loss of brine on 
sampling of cores may be of importance as well. As a result of 
this artifact, sample salinities will always be lower than the 
actual in situ values. They will, however, change in a nonlinear 
manner, since (1) capillary forces may prevent brine loss from 
small pores and (2) opening large brine channels on coring 
affects a much larger sample volume. Thus, assuming that high 
salinities cortesponE to high concentrations of large 
(secondary) pores, the actual in situ salinity variations should 
in fact be larger than observed by us. Consequently, two 
mechanisms are responsible for the rather low standard 
deviations of mean salinity from floe 2 in comparison with the 
higher ones from floe 3. On the one hand, these differences 
may be due to different age or maturity: floe 2 has desalinated 
to a larger degree than floe 3, as a result both mean salinity and 
standard deviation are lower in the former. On the other, brine 
channels and pockets are much larger in cores from floe 2, so 
that more brine is lost on sampling, bringing down mean 
salinities as well as standard deviations. 

4.3. Chlorophyll a concentrations 

Since active organisms are restricted to pore spaces 
within the ice, the variability of chlorophyll a concentration 
is in some respects controlled by the same factors as is that of 

salimty. Whereas salinity tends to decrease with age, 
chlorophyll as an indicator of autotrophic biomass is expected 
to increase with time. The magnitude of this increase is 
dependent on several factors such as the light regime, 
temperature and salinity, the concentration of nutrients, and 
the amount of heterotrophic activity within the ice. 

In none of the samples studied was texture in any way 
correlated with the chlorophyll concentration, either because 
the amount of algae incorporated into the ice did not depend on 
texture or because the initial concentration differences between 

textural units were flattened with the passing of time. In young 
sea ice (of mostly rather low chlorophyll a ) texture may take 
its toll, i.e., frazil growth being associated with higher 
concentrations of incorporated organisms than congelation 
growth (cf. Garrison et al. [1983]; not taking into account 
mechanisms of incorporation that depend on wave pumping or 
specific biological strategies). Floes as old as the ones 
sampled by us, however, house microbial communities that 
have had enough time to outgrow any dependence on the 
textural class of the ice that contains them. As will be 

discussed in detail below, accumulation of higher 
concentrations of biomass is governed by factors that are 
largely independent of the textural class of ice, yet may be 
considered to depend on a different aspect of texture. 

Temperature and brine salinity as its dependent greatly 
influence the state of sea-ice microbial communities [Bartsch, 
1989]. Beside a near-linear temperature gradient from top to 
bottom, no significant horizontal temperature variations are to 
be expected within unridged ice. The same is true for brine 
salinity. 

Since the snow was of similar thickness and structure 

on the respective floes, its effect on the small-scale light 
regime should have been negligible; thus, in our case snow 
depth is ruled out as a cause for patchiness as suggested by Bunt 
and Lee [1970] and Clasby et al. [1976] and found in 
experimental studies by Sullivan et al. [1985]. This is not 
necessarily true for the size and distribution of brine pockets. 
Trodahl et al. [1989], for instance, have shown considerable 
variations in quantum flux densities within the ice cover that 
are assumed to depend on the orientation and size of pores. 

The size and degree of connection between brine 
pockets and channels should be of major influence on the 
nutrient supply within the ice, without considering turnover 
through heterotrophic activity. Both, light and nutrient supply 
are thus linked to organic activity within the ice mainly 
through the pore-space characteristics. This, in fact, is evident 
from the core samples as well, with high chlorophyll 
concentrations in segments of ample pore space (e.g., floe 2, 
core 2 from 0.52 to 0.67 m, core 3 at approximately 0.80 m, 
core 4 at approximately 0.73 m, core 5 from 0.58 to 0.70 m 
and at approximately 0.90 m). It may even be impossible to 
reach such high concentrations in ice of smaller porosity for 
reasons of available space only. Thus the variability between 
levels of high chlorophyll concentrations may in part be 
explained by the differences in porosity. However, high large- 
scale porosity does not necessarily imply high chlorophyll 
concentrations, as indicated by highly porous core segments 
with low chlorophyll concentrations. Thus, differences 
between layers of low concentration appear to depend on the 
temperature and salinity regime and the state and structure of 
the microbial community. This complex interdependence of 
different environmental factors is further complicated by the 
presence of grazers within the ice, whose specific role in 
determining the patchiness of chlorophyll distributions may at 
present only be guessed at. 

The overall consistency between chlorophyll profiles 
with low values at top, a pronounced maximum near the middle, 
and slightly elevated values at the bottom is due to the 
seasonal evolution of the floes and is in accordance with an age 
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of two years. In fact, the higher bottom concentrations may be 
viewed as an incipient bottom community with increasing 
chlorophyll concentrations towards the end of the summer 
season; the internal maxima would correspond to an internal 
band community [Horner et al., 1988]. Whereas this band of 
high concentrations itself resulted from favourable growth 
conditions in time and may well represent last season's 
growth, the variability within this layer is a result of favorable 
growth in space, i.e., within brine pockets and brine channels. 
The magnitude of overall concentrations at the internal 
maximum may even be large enough to inhibit plant growth at 
deeper levels due to self-shading, also discussed by Sullivan et 
al. [1985] in their study of light-dependence of a fast-ice 
community. 

The variability of chlorophyll concentrations within 
ice floes will be influenced by deformation processes, in 
particular ridging. Rafting and ridging result in juxtaposition 
of individual profiles, that may later in the season be evened 
out due to smoothing processes. In addition, they may also 
cause an ice topography that enhances growth of autotrophic 
ice organisms (through flooding of snow depressed below sea 
level adjacent to a ridge [cf. Ackley, 1985], or with ridges 
acting as light funnels with algae growing in protected voids). 

4.4. Nutrient concentrations 

Nutrient concentrations in sea-ice cores in principle 
depend on two factors: Physical processes, such as changes in 
temperature, with resultant concentration changes for certain 
ions on the one hand, biological activity on the other. 
Parameters governed by the physical component should scale 
with salinity, because the latter is dependent on temperature 
and brine-drainage effects only. The highest correlation 
coefficient with regard to salinity is exhibited by silicate (r = 
0.50, 101 degrees of freedom). Similarly, Clarke and Ackley 
[1984] give a value of r = 0.78 (50 degrees of freedom) for a 
silicate-salinity correlation in first-year ice from the central 
Weddell Sea, which is the highest correlation between any two 
parameters from their data set. Correlation of silicate with 
chlorophyll, ammonium and phosphate yields correlation 
coefficients between 0.72 and 0.86. This implies that 
biological activity, parametrized through chlorophyll or 
ammonium concentration, determines concentrations of the 
latter three nutrients. As a consequence, the variability in 
concentration of these three is closely linked to the patchiness 
of microbial distribution represented by chlorophyll or 
ammonium concentrations. Thus all that is said under 4.3 is 

applicable to concentrations of silicate, ammonium, and 
phosphate here as well. 

Heterotrophic activity taking place within the ice 
further complicates the matter. The extraordinarily high 
ammonium concentrations observed, partially in conjunction 
with anoxic conditions as indicated by a release of H2S on 
coring and sectioning high-ammonium samples, may be 
considered a direct consequence of this activity. In fact, high 
ammonium and phosphate values may be ascribed to high 
numbers of active bacteria present at the time of sampling, 
having converted cell matter to ammonium and liberated 
phosphate in the process. Looking at concentrations alone, we 
cannot decide whether the highly significant correlation 
between silicate and chlorophyll is a result of remineralization 
of diatom frustules, possibly aided by bacterial activity, or 
whether the microbial community was not dominated by 
diatoms at all. Observations by E.-M. N6thig and R. Gradinger 
(unpublished data, 1989) on high diatom numbers in second- 
year cores favor the former suggestion. 

Variability of phosphate concentration is low between 
cores for values below 0.5 mmol/m 3 and rises as values rise as 
high as 5.7 mmol/m 3 due to heterotrophic activity. Nitrite 

variability is low and not linked to any other parameter 
considered here, probably because nitrite as an intermediate 
product is easily converted to other nitrogen compounds. 
Nitrate concentrations, on the contrary, seem to be governed 
by two factors or more. From Figure 11, it is clearly evident 
that concentrations in the bottom part of cores representing 
second-year growth are much higher than those above. The 
exchange of salt and nutrients taking place within the porous 
lower portions of the ice cover may replenish actively growing 
bottom communities with nitrate. This distribution pattern 
could also reflect high microbial activity during the previous 
year resulting in nutrient depletion in summer, under the 
assumption that nutrients were not replenished from the ocean 
reservoir. This year's growth in turn would not yet have been 
sufficiently vigorous to leave its mark on nitrate 
concentrations. 

Clearly, more research into causes and patterns of 
nutrient distribution in (second-year) sea ice are needed. In this 
context, the fact that nitrate concentrations may parallel the 
two-year history of an ice floe calls for a further investigation 
as well. 

4.5. Small-Scale Versus Regional 
Variability of Ice Properties 

How does the variability of ice properties recorded 
within a single floe differ from those of a larger geographic 
region? Table 8, which lists mean values and standard 
deviations for salinity and chlorophyll content of cores 
obtained on separate floes during the EPOS and WWGS 
expeditions in the northwestern Weddell Sea, may provide 
some insight. The standard deviation of mean salinities for the 
cores from floes 1 and 2 (Tables 1 and 4) is well • below that of 
the entire region. However, cores from floe 3 (Table 7) vary as 
much on a decimeter scale, as does the entirety of samples on a 
scale of hundreds of kilometers. 

The variability of chlorophyll concentrations appears 
almost independent of scale, cores from floes 2 and 3 vary 
nearly as much or even more than those collected during the 
entire cruises. This may imply that core samples can be 
statistically independent of one another with regard to 
chlorophyll and to a lesser degree salinity at very small 
spacings (from an unridged portion of the same floe). As 
demonstrated in particular by samples collected on floe 2, the 
deviation in mean chlorophyll concentration can be very high, 
even though texture and mean salinity of samples exhibit little 
variation between cores. As already pointed out, to fully 
understand the scale dependence of such variability one would 
need more information on the distribution of large and small- 
scale pores as well as knowledge about turnover rates and 
heterotrophic activity within the ice. It is worthwhile to note, 
however, that with regard to mean chlorophyll concentration 
the variability of second-year ice appears much higher than 

TABLE 8. Mean Values and Standard Deviations of Salinity 
and Chlorophyll a Concentrationsfor Cores from the 

Northwestern Weddell Sea (EPOS and 
WWGS Expeditions) 

SM, ppt S.D.,ppt ChlM, mg/m3 S.D.,mg/m 3 
First-year ice 
(10 cores) 

Second-year ice 
(17 cores) 

5.50 0.79 3.78 1.75 

4.38 1.05 5.04 4.00 
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that of first-year ice (Table 8). This finding suggests that in the 
Weddell Sea the ageing process of sea ice, possibly through 
concealed deformation events, may enhance the variability of 
some ice properties, rather than assimilating them. 

5. CONCLUSIONS 

This study of the small-scale variability of sea-ice 
properties in older ice from the northwestern Weddell Sea 
leaves those investigating patterns and processes related to the 
variability of sea-ice properties reassured: The variability in 
the vertical distribution patterns of texture, salinity etc. is so 
small, that vertical profiles resemble one another to a large 
degree between points spaced decimeters to tens of meters apart 
in level portions of the same floe. It appears more difficult, 
however, to correlate quantities such as mean salinity or the 
fraction of congelation ice in samples from a specific floe. For 
mean salinity, for instance, the variability on a meter-scale 
can be as large as that for samples from an entire geographic 
region. This high level of heterogeneity at smaller scales is 
most pronounced for quantities relating to sea-ice biology, 
where it may assimilate or surpass large-scale variability. 
Thus, those intent on biologically significant digits such as 
the mean standing stock of primary producers or the mean 
concentration of ammonium, should be stirred by differences of 
up to one order of magnitude between cores spaced decimeters 
to a few meters apart. Even though the patterns of specific 
distributions are the same, features at corresponding depth 
levels may differ in quantity by as much as two orders of 
magnitude. 

The largest salinity discrepancies at corresponding 
depth levels have been observed at the very top of floes, where 
increased inclusion and upward migration of brine contrast 
with dilution through the incorporation of snow and brine 
expulsion during seasonal warming. This high surface 
heterogeneity may be of importance for remote sensing 
applications, since both active and passive instruments are 
sensitive to the salinity distribution in the upper centimeters 
to decimeters of a sea-ice sheet [Comiso et al., 1989]. 

The manner in which pore space seems to govern not 
only the degree of variability between measurements of 
salinity, chlorophyll or nutrient concentrations but also their 
magnitude calls for further research into the matter. Separating 
the specific roles of small-scale, primary and large-scale, 
secondary porosity, which we regard as an important 
distinction, would aid in clarifying the evolution both of 
vertical and horizontal distribution patterns. The fact that the 
amount of biological activity in certain cases may boil down 
to a matter of quantity and quality of available space appears as 
an intriguing aspect of microbial colonization of sea ice. 

On a more general level the coring done for this study 
was also meant to probe into the notion of the ice floe as a unit 
of glaciological scale. Since one "floe" marks the highest 
resolution achieved in many investigations of sea-ice 
properties, studies such as this one should also be viewed as an 
attempt to calibrate the larger measures with smaller ones, in 
this case finding that heterogeneity may be as high for small 
as for large scales. 
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