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Structure of under-ice melt ponds in the central Arctic and

their effect on the sea-ice cover

Abstract—Freezing of meltwater ponds below Arc-
tic sea ice contributes significantly to summer ice
growth. An under-ice pond, located below a surface
melt puddle on a multiyear floe, was studied, com-
prising detailed analysis of microstructure, salinity,
and 6'#0 of'ice cores. Underneath 1.6 m of solid ice,
a meltwater lens 0.31 m thick (salinity, 1.5%o) was
sealed by a bottom pond ice cover (0.20 m thick),
composed of intergrown ice platelets and columnar
crystals, with salinity and 6'#O low throughout (1.0%o
and —7.8%o). The pond was overlain by low-salinity
ice (avg <0.7%o with a linear decrease toward 0.1%o
at the bottom, paralleled by a drop in §'*0O). Con-
trasting with desalination mechanisms previously
described, this is shown to be a result of diffusional
desalination. Analysis of Arctic multiyear ice cores
suggests that under-ice ponds and diffusional desali-
nation may be common. They modify the properties
of multiyear sea ice, affect its colonization by ice
biota, and may result in retainment of dissolved and
particulate material within the ice cover. While in-
creasing ice thickness and smoothing ice topography
at a particular site, under-ice ponds are not likely to
increase the net amount of ice grown in a particular
region.

The Arctic sea-ice cover is a sensitive com-
ponent of the global climate system, both on
account of its thickness and its extent (Gow
and Tucker 1990; Untersteiner 1990). Where-
as remote-sensing techniques have provided
information on large-scale features and pro-
cesses, comparatively little is known about the
structure and the evolution of the Arctic mul-
tiyear ice pack on smaller scales. In this con-
text, the processes associated with ice ablation
during spring and summer are especially im-
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portant. The basinwide, average melting of floes
has been described in field studies (Hanson
1965; Untersteiner 1990) as well as theoreti-
cally (Maykut and Untersteiner 1971). Results
show that the entire snow cover and roughly
0.3-0.7 m of ice melt at the top of floes during
summer. However, runoff processes and the
hydrological fate of meltwater during and after
the ablation season have not been studied in
great detail.

A considerable fraction of meltwater gathers
in puddles at the ice surface, thereby reducing
the surface albedo. Untersteiner (1968) showed
that the meltwater flux into the ice reduces
salinities at the top of the ice column to values
close to 0%o. Ice meltwater is also entrained
into the mixed layer in the Arctic Basin (Ost-
lund and Hut 1984). There is evidence, how-
ever, suggesting that part of this meltwater ac-
cumulates and freezes underneath the ice cover
during summer (Nansen 1898; Zubov 1945,
Hanson 1965; Cherepanov et al. 1989). Martin
and Kauffman (1974) demonstrated in theory
and in the laboratory that freezing of under-
ice melt ponds can be explained by double-
diffusion at the interface between freshwater
and seawater, each at their respective freezing
points. The formation of such under-ice fea-
tures is likely to have some impact on the col-
onization of the ice cover by sea-ice organisms,
since Arctic sea ice is characterized by the
dominance of communities inhabiting the
lowermost centimeters of the ice (Spindler
1990). Submarine sidescan sonar data collect-
ed underneath multiyear ice that displays char-
acteristic blisters and bulges (Wadhams 1988)
suggest that under-ice melt-pond formation
might be a widespread phenomenon in the
Arctic. Wadhams and Martin (1990) discussed
different scenarios, attributing the occurrence
of these features to the transformation of un-
der-ice melt ponds. Yet, interpretation of all
the information available so far is hampered
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by a distinct lack of field data on the charac-
teristics and the evolution of under-ice melt
ponds.

During the ARCTIC 91 cruise onboard the
icebreaker Polarstern, an under-ice pond was
studied and sampled in the central Arctic in
late summer as part of an extensive ice-coring
program. Thickness measurements, ice-core
stratigraphies, and salinity and 630 data pro-
vide a basis for this study of the structure and
the evolution of under-ice melt ponds and their
role as important components of the Arctic
sea-ice cover.

The Polarstern carried out a transect through
Arctic multiyear ice starting east of Svalbard
in early August, visiting the North Pole and
returning to Fram Strait in late September (Fig.
1). Sea-ice work during the cruise comprised
ice observations from ship and helicopter, air-
borne laser profiling of the ice surface, thick-
ness measurements, and an ice-coring program
to study the physicochemical, biological, and
geological characteristics of the ice at 46 geo-
graphical locations. Under-ice ponds have been
shown to be generally overlain by surface melt
puddles (see Wadhams and Martin 1990 and
discussion below). With puddles on average
several decimeters to more than a meter deep,
experience gained during the cruise showed that
sampling of under-ice ponds is difficult before
late summer when surface puddles freeze up.
At this stage, however, snow accumulation and
surface freezing make it difficult to recognize
the position of former surface puddles. Due to
these difficulties, a successful sampling pro-
gram of an under-ice pond could be carried
out at only one location on a multiyear floe at
85°58'N, 0°10'E on 13 September 1991 (Fig.
1).

On the site, ice thickness was measured
through holes drilled at 5-m spacing across the
feature. Cores were extracted with a 0.10-m
corer from the overlying, ordinary sea ice and
the bottom pond ice cover at two locations in
the under-ice pond (see Fig. 2 for sampling
locations and explanation of terms). A third
core was taken adjacent to the sub-ice feature.
Water samples were obtained with a hand
pump from within the pond and immediately
below the ice. At the adjacent site, brine was
pumped from the core hole at four depths fol-
lowing sequential removal of 0.5-1-m core
sediments. Water samples were shipped to the
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Fig. 1. Map of cruise track and sampling locations
during the Polarstern cruise referred to in the text. Sam-
pling location of under-ice pond —M. Large dots mark oc-
currence of columnar-ice salinity inversions in cores (see
text for details). Small dots mark other ice-core sampling
locations.

Alfred-Wegener-Institut (AWI) in wax-sealed
glass bottles at 4°C. The ice samples were im-
mediately transferred to a laboratory at —30°C
aboard ship. Vertical thick sections were cut
over the entire length of cores with additional
thin sections taken from selected depths for
stratigraphic analysis carried out in ordinary
light and between crossed polarizers. Grain-
size analyses were performed with automated
techniques described by Eicken and Lange
(1991). On the basis of the analysis of grain
and pore microstructure, cores were cut into
0.05-0.1-m segments. These were halved and
half of each was melted for salinity measure-
ments with a WTW LF 2000 conductivity
probe (<0.5% relative instrumental error). The
other half of each core segment was sealed in
polyethylene and kept at —30°C for stable-iso-
tope analysis.

At AWI, 80 concentrations were measured
with a Finnigan MAT Delta S mass spectrom-
eter after automated H,O/CO, equilibration.
All concentrations are given in the é-notation,
with 6'80 as the concentration of 80 in the
sample S in relation to Standard Mean Ocean
Water (SMOW).
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Fig. 2. Thickness profile measured across under-ice melt pond at 5-m spacing and approximate locations of ice-
core sampling sites. The schematic drawing at the right shows the fine-structure of the pond along with an idealized
temperature profile (based on laboratory experiments of Martin and Kauffman 1974 and Cherepanov et al. 1989).

Features are labeled with terms used in the text.

The H,0/CO, equilibration device was cali-
brated with IJAEA water standards SMOW and
SLAP, with a standard deviation in routine
measurements below 0.05%o.

The under-ice melt pond was situated in a
multiyear floe, roughly 300 m away from the
floe edge. Drill-hole thickness measurements
along a profile across the center of the feature
and its vicinity (Fig. 2) and additional mea-
surements at right angles to the profile revealed
it to be <30 m across. It was bounded by
hummocks on all sides. The surface above the
bottom pond was covered by a frozen surface-
melt puddle in a few spots still containing be-
tween 0.1 and 0.2 m of water below a 0.15-m
ice cover (Fig. 2). Under-ice pond depth av-
eraged 0.31 m, while the bottom ice cover var-
ied in thickness between 0.08 and 0.34 m (mean
0.20 m). Sampling through core holes revealed
that variations in pond ice thickness were in
part due to platelet crystals, several centime-
ters in diameter and a few millimeters thick,
attached to the pond bottom. While the pond
ice cover was firmly locked in place at all lo-
cations, the platelets were easily dislodged with
a rod from the bottom. Platelets which must
have loosely accumulated at the roof of the
cavity floated in the drill hole after penetration
of the upper ice layer. The platelet crystals,
which in some cases still revealed outlines
characteristic of dendritic growth, appeared to
correspond to those observed in Martin and
Kauffman’s (1974) experiments.

Stratigraphic analysis of two cores taken

within and one core taken adjacent to the un-
der-ice pond (cores 2, 3, and 1, respectively,
see Fig. 2) provided information on its struc-
ture and evolution. The stratigraphy of these
cores is shown in Fig. 3. In the lower half, all
cores consist mainly of columnar ice, formed
through congelation of seawater at the ad-
vancing ice-water interface, which is typical of
Arctic sea ice (Gow and Tucker 1990; see Eick-
en and Lange 1989 for nomenclature). Verti-
cally elongated brine channels and brine pock-
ets, mostly 1-10 mm in diameter and up to
several centimeters long, which are a result of
brine drainage during aging and melting (Gow
and Tucker 1990), are particularly common
toward the bottom of the cores. The layers of
mixed columnar-granular ice indicate a dis-
ruption or disturbance of pure congelation
growth and most likely mark the transition
between two years of growth. On the basis of
core studies and thickness drilling, the floe is
estimated to be >2 yr old. Whereas the co-
lumnar ice overlying the under-ice pond at po-
sition 2 is slightly more fine-grained than typ-
ical in the Arctic, core 3 displays the textbook
structure with columnar crystals up to 100 mm
long and up to 30 mm in diameter, similar to
the columnar ice from core 1 (Fig. 4A).

The texture of the bottom pond ice cover
differs considerably from overlying ordinary
sea ice, as testified by the horizontal and ver-
tical thin-section photographs shown in Fig.
4B and C. While crystals appear somewhat
elongated in the vertical thin section, indica-
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tive of congelation growth similar to columnar
ice, the horizontal thin section shows a mixture
of fine- and coarse-grained portions. The struc-
ture of this layer is identical in cores 2 and 3,
with the exception that attached, half-con-
gealed platelets are absent in core 2. Only small,
isolated brine channels of <1-mm diameter
and <5 mm long appear in the ice. Automated
grain-size analysis indicates a mean intercept
length C,, (i.e. the mean distance between grain
boundaries along horizontal and vertical lines,
cf. Eicken and Lange 1991) of 1.2 mm with a
standard deviation of 1.38 mm, which is
roughly the same as that of granular ice (with
C,, around 1 mm) and much smaller than co-
lumnar ice with C,, mostly >5 mm for Arctic
samples (Eicken and Lange 1991). Unlike typ-
ical granular or columnar ice, however, the
grain size distribution is essentially bimodal
with large grains in a fine-grained matrix (see
Fig. 4C). Texturally, the upper parts of this
layer bear similarity to the “platelet ice” de-
scribed by Eicken and Lange (1989), formed
through congelation of underwater ice crystals
at the base of Antarctic sea ice. The vertical
sections suggest a similarity to the ice shown
in photographs of the tank experiments con-
ducted by Martin and Kauffman (1974). There
is no pronounced resemblance to columnar
freshwater ice.

Of the entire data set of 52 cores taken with-
in level ice at 46 different geographical loca-
tions (Fig. 1), eight contained stratigraphic units
identified as such ice grown in under-ice ponds.
These units account for 1.94 m (1.5%) of the
total length of all cores (130.0 m). Identifica-
tion of congealed pond platelet ice was based
on its characteristic texture, clearly distin-
guishable from ordinary granular or deformed
ice. While some of this ice may have grown in
voids or cavities formed independent of un-
der-ice ponds, further evidence discussed be-
low also indicates that a substantial fraction
of cores taken from level multiyear ice con-
tains remnants of former under-ice ponds.

A study of the temporal evolution of an un-
der-ice melt pond and the processes associated
with its freeze-up ideally requires repeated
sampling over a longer time interval. Yet, in
conjunction with the textural stratigraphy, sa-
linity and 6'30O data may provide information
on this as well. Table 1 lists mean salinity and
6'30 for core 1 taken from ice adjacent to the
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Fig. 3. Stratigraphy of the three cores sampled along
the profile shown in Fig. 2, based on analyses of thin and
thick sections through the entire length of cores. Numbers
at right give the upper and lower depths of stratigraphic
units in centimeters.

under-ice pond as well as the part of cores 2
and 3 from the sea ice overlying the pond (see
Fig. 2). Salinity and 6'30 of core 1 are typical
multiyear ice values. Thus, the average salinity
of 50 multiyear ice cores from ARCTIC 91
amounts to 2.2%o. Pfirman et al. (1990) mea-
sured 6'%0 in multiyear ice mostly between —2



