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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
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Fig. 4. A. Horizontal thin-section photograph of or-
dinary columnar sea ice (core 1, 0.80-m depth). For this
and subsequent images, samples have been recorded be-
tween crossed polarizers with millimeter scale shown. B.
Vertical thin-section photograph of a bottom pond ice
cover (core 2, 1.82-1.88-m depth). C. Horizontal thin-
section photograph of bottom pond ice cover (core 2,
1.84-m depth).

and —1.5%0 with a minimum of —4%o. Con-
verting data on deuterium concentrations in
multiyear ice (given as 6D in analog to the
equation shown for 6'80 above) from Fried-
man et al. (1961) according to 630 = 0.125

Notes

6D — 1 (Jouzel et al. 1982) yields §'30 values
between —2.5 and —0.5%o. Similarly, mea-
surements of 6D by Arnason (1985) corre-
spond to 880 of roughly —3 to —1.5%o (min-
imum, —5%oc). The salinity profile shown for
core 1 in Fig. 5 (top, left) is that of typical
Arctic multiyear ice (such as the average pro-
files of Schwarzacher 1959 and data from
ARCTIC91) with a gradual increase from 0.2%o
at the surface to 4.5%o at 1.6-m depth and val-
ues scattered between 3 and 5%o below. Sim-
ilarly, the 6'80 curve of core 1 in Fig. 5 (top,
left) corresponds to those shown by Friedman
et al. (1961) for Arctic multiyear ice. Low val-
ues at the top are due to snow meltwater per-
colating into the ice, whereas the near-constant
value of —1.8%o corresponds to frozen sea-
water (assuming —2.8%o fractionation, cf. Ost-
lund and Hut 1984). The low value at the very
bottom of the floe is interpreted as the result
of a meltwater layer in contact with the ice
bottom.

Cores 2 and 3, taken from the ice overlying
the under-ice pond, appear completely differ-
ent. Average salinity and 6'80 range far below
average values for multiyear ice. Figure 5
(middle and bottom) demonstrates that layers
immediately above the under-ice pond differ
significantly from the standard distribution.
Both salinity and §'#0O display a steady linear
decrease below depths of 1.30 and 1.20 m,
respectively. In contrast, the salinity of ordi-
nary multiyear sea ice increases toward the
bottom or scatters about a constant mean val-
ue (Schwarzacher 1959; Eicken et al. unpubl.).
Similarly, stable isotopes in the lower half of
typical multiyear floes are mostly near-con-
stant or display nonlinear variations due to
different source water composition (Friedman,
etal. 1961; Arnason 1985; Pfirman et al. 1990).
As suggested by the structural homogeneity,
the bottom pond ice cover exhibits identical
salinity values; 6'20 differs by 1%o. These val-
ues are not entirely commensurate with water
drawn from the cavity (Table 1). If we assume
equilibrium fractionation, pond ice should
range below —10.5%o according to the water
values. This discrepancy can partly be ex-
plained by contamination of meltwater during
sampling (carried out after core drilling). Fur-
thermore, pond-water composition can change
during aging of a floe. In part this can be at-
tributed to a flux of salt and '#O from the over-
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Fig. 5. Profiles of salinity (left) and §'%O (right) for the three cores taken at the locations shown in Fig. 2. Note that
the salinity profile of core 1 is plotted on a different scale than the cores below. Dashed lines are least-squares polynomial
fits to the data points. The solid line (core 2, right) represents the 68O profile computed for diffusional exchange
between ice and under-ice pond water over a period of 60 d (details given in text). The horizontal dashed lines mark
the bottom of the overlying, ordinary ice cover and the thickness of the bottom pond ice cover. The shaded layer

represents the meltwater cavity.

lying ice layers into the sealed under-ice cavity
(see below).

The origin of the meltwater sampled in the
under-ice pond can be inferred by its isotopic
composition. The low 630 of —8.9%o implies
a significant contribution from precipitation,
possibly as much as 50% or more based on

Ostlund and Hut’s (1984) measurements of
—11 to —29%o for Arctic precipitation. The
630 value of —8.9%o also corresponds quite
well to measurements made on water from sur-
face melt puddles (Eicken and Scheele un-
publ.). This implies that precipitation may
constitute a major fraction of sea-ice meltwater
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Table 1. Bulk properties of ice-core samples (details given in text).

Under-ice pond site

Core 2 Core 3
Core 1 Meltwater

Multiyear ice Top Bottom Top Bottom from cavity
Length, m 3.17 1.615 0.12 1.56 0.17
Smeans %00 3.1 0.35 1.0 0.65 1.0 1.5
6180, %o -23 —4.1 -7.3 —-3.4 —-8.3 -8.9
Vp* (max), %o 88 4 24 9 23
Vp* (mean), %o 25 2 21 4 22

* Equivalent winter brine volumes.

and that this meltwater can retain its pristine
composition as it drains through surface pud-
dles or from the surface of floes and accu-
mulates at the ice bottom.

As has been shown above, the salinity of the
ice overlying the under-ice pond is anoma-
lously low. With the exception of a thin band
of mixed columnar-granular ice in core 3, it is
of ordinary columnar texture, displaying the
typical substructure with layered brine inclu-
sions normal to the grains’ main crystallo-
graphic axis (Gow and Tucker 1990; see also
Fig. 44). Yet, the linear decrease of salinity
and 6'30 below 1.2-m depth is incommensu-
rate with ordinary growth or desalination
mechanisms described for sea ice, suggesting
that the primeval brine contained in the ice
has been modified by the underlying meltwa-
ter. Considering the undisturbed distribution
of salinity and 630 above the anomalies, we
can rule out meltwater percolation from above
or brine drainage. The equable, linear shape
of the profiles and the close correspondence
between the curves for both sites and the time
scales involved suggest molecular or turbulent
diffusion as the key processes. To test this hy-
pothesis, I have assessed molecular diffusion
rate of '*O and the subsequent modification
of the ice. The concentration C of a compound
at time ¢ and distance x from the interface,
where its concentration is raised from C, to C,
and held constant (corresponding to the estab-
lishment of an under-ice meltwater lens), is
given by the analytical solution of the Fickian
diffusion equation (Crank 1967)

C-G ol X
C, — C, 2Dz |

Here, the melt pond has been assumed to form
at the onset of the ablation season in the mid-

dle of July (also in accordance with the obser-
vations of Nansen 1898 and Hanson 1965)
with ¢ = 60 d. Formation and evolution of an
under-ice melt pond as deduced from this study
(in conjunction with the results from other
studies discussed above) are shown schemat-
ically in Fig. 6. C, is taken as —20%o (Ostlund
and Hut 1984) and C, equals —1.5%o. For #O
in an aqueous environment, the diffusion co-
efficient Damountsto 2.66 X 10~°m?s~! (Gat
1981). Ice composition is computed from the
calculated diffusive fluxes, with porosity in-
creasing exponentially from 5 to 40% in the
bottom 0.5 m, based on microstructural anal-
ysis of ice cores which indicates that pore num-
bers and sizes increase drastically toward the
meltwater lens, possibly due to enhanced melt-
ing of ice in contact with warmer water.

The resulting 6'#O curve is shown as a solid
line in Fig. 5 (middle, right). The close cor-
respondence between observed and computed
profiles suggests that molecular diffusion can,
in fact, account for the observed profile. Be-
cause of uncertainties regarding the age of the
pond, its original composition, and the effec-
tive diffusive pathway (which may be higher
by a factor of 1.5 or more due to tortuosity of
the interconnecting pores), turbulent diffusive
transport is likely to be of some importance as
well. The close correspondence between com-
puted and observed §'20 in the overlying ice
is to some degree dependent on the brine vol-
ume of the ice which has not been determined
to a high degree of accuracy in this case. The
close correspondence between computation
and measurement with regard to the depth
range affected by diffusional transport (i.e. up
to a depth level of 1.2 m in cores 2 and 3) does
not depend on this parameter, however. Fur-
thermore, the diffusional flux of salt and 20O
into the cavity can explain the observed salin-
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ity of 1.5%o (as compared to pristine meltwater
salinities of <0.5%0) and the discrepancy in
6180 between meltwater and bottom ice dis-
cussed above.

In general, diffusion provides an explanation
for the observed salinity and 6'3O distributions
that differs principally from desalination and
transformation processes described for sea ice
so far (Gow and Tucker 1990). This diffusional
desalination and modification process and un-
der-ice pond freeze-up in winter can also ex-
plain some of the §'30 anomalies observed in
Arctic sea ice (see also Pfirman et al. 1990).
First observations of low stable isotope values
in Arctic sea ice were made by Friedman et al.
(1961), who explained the low-6D bottom lay-
er in their cores as freezing of a meltwater layer
in late summer and early fall. It appears likely,
however, that they observed diffusional ex-
change of deuterium as described above for
180, since the core they refer to was collected
in July, at a time when ablation is in full prog-
ress and one would expect ordinary ice growth
to have ceased completely.

Desalination through diffusional transport
may explain the characteristic appearance of
anumber of salinity profiles encountered with-
in the data set that would otherwise be inex-
plicable. Thus, seven cores (for locations see
Fig. 1) display anomalous, linear salinity de-
creases toward values below 1%o with depth in
layers of ordinary columnar texture. Figure 7
shows an example of such a core. The coherent
decrease to extremely low salinity values and
the texture of the ice indicate that this feature
is not induced by deformation or ordinary brine
drainage, in particular since maximum salin-
ities in the other cores are typically attained
within the bottommost, youngest layers. Anal-
ogous to the textural evidence presented above,
the occurrence of these anomalies may be an
indication of the ubiquity of under-ice melt
ponds and their effects on the overlying ice
cover, such as enhanced desalination, sealing
of the ice bottom, and topographic smoothing
of the ice bottom (which is also suggested by
submarine sidescan sonar data acquired over
large stretches in the Arctic by Wadhams 1988).
A more thorough resolution of the issue, how-
ever, requires further detailed work, studying
in particular the isotopic composition of a larg-
er number of cores from different locations.

The low salinities observed in the bottom

Mid-
July

Early
August

Mid-
September

—
Winter ' D
Time V Y
Solid ice
(meltwater origin)

Low-salini \ Loose
moeltvsaterty & ice platelets
Fig. 6. Generalized temporal evolution of an under-
ice melt pond with corresponding vertical salinity and 6'2O
profiles (only schematic, not drawn to scale) through the
center of the pond. A. Low-salinity meltwater from un-
derneath the ice cover or from overlying melt puddles is
trapped in a sub-ice depression. B. Ice platelets grow at
the freshwater-seawater interface, rising to the top of the
cavity. Diffusional exchange lowers salinity and 6'*O of
overlying ice (extent of the zone affected by diffusional
desalination indicated by arrows in panels B-D). Initiated
at the walls of the cavity, a bottom pond ice cover forms
and thickens, sealing the under-ice pond from below (pan-
els B and C). C. Toward the end of summer the surface
melt puddle freezes. D. The bottom pond is completely
frozen in early to midwinter, possibly with formation of
a slight bulge due to pressure build-up within the cavity.

pond ice cover and the overlying ice layers are
important because they control the sea-ice brine
volume. At the time of sampling, the ice ex-
hibited high brine volume fractions in partic-
ular in the layers immediately overlying the
under-ice pond (as confirmed by thick- and
thin-section analysis). This is a result of the
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Fig. 7. Stratigraphy and salinity profile of sample 237
(location given in Fig. 1) displaying a linear salinity de-
crease with depth within ordinary columnar ice (Fig. 3
gives stratigraphy legend).

high ice temperatures, ranging between —2 and
—1°C throughout the ice cover. Yet, the drop
in ambient temperatures toward midwinter
would cause the under-ice pond to freeze com-
pletely, resulting in a sharp decrease in brine
volume (see also Fig. 6, bottom). Assuming a
linear temperature gradient from —15°C at the
top to —1.8°C at the ice bottom, I computed
typical winter-condition brine volume frac-
tions according to the equations of Cox and
Weeks (1983). As evident from Table 1, brine
volumes of the ice overlying the bottom pond
range an order of magnitude below those of
ordinary multiyear sea ice. Brine volume con-
trols a number of physical properties of sea
ice, such as ice strength which is inversely pro-
portional to porosity. As a consequence, the
ice cover is stronger at under-ice pond loca-
tions as compared to ordinary multi- or first-
year ice (assuming that air volumes in the ice
are comparable, which is indicated by mi-
crostructural examination of the cores).

Of similar importance is the linkage between
porosity and permeability of the ice since the
latter decreases drastically at low brine vol-
umes (typically < 50%o). The structural studies
performed on the pond ice, as well as the brine
volumes computed from the salinity-temper-
ature data, indicate that the pond ice cover is
macroscopially impervious to fluid flow or
transport of particulate material. Hence, sub-
stances imported into the under-ice pond will
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be largely retained within the ice cover as the
pond congeals and ice accretes at the bottom.
On the assumption that under-ice ponds are
closely linked to the occurrence of over-ice melt
puddles (as is the case here; see also Wadhams
and Martin 1990, and Fig. 6), the bottom pond
cover seals an ice floe in a spot that would
otherwise be a loss site for sediment and other
particulate and dissolved material swept into
the depression by surface runoff and then mi-
grating through the ice column by local melting
and percolation (Pfirman et al. 1990). Fur-
thermore, snow meltwater (identified through
its isotopic signal) is retained in the ice cover
and precluded from being entrained in the
mixed layer. The same holds for chemical spe-
cies introduced into the ice by atmospheric
deposition or in the source areas on the North
American and Eurasian shelves and associated
with meltwater generated during the ablation
season. This “recycling” process clearly needs
to be studied in further detail, based on a more
extensive data set.

A sidescan sonar survey conducted by Wad-
hams (1988) in the central Arctic in May 1987
revealed that the underside of multiyear ice is
characterized by ubiquitous blisters or bulges.
These measured tens of meters in diameter
with a relief between 0.5 and 1.2 m. Wadhams
and Martin (1990) discussed the phenomenon,
hypothesizing a link between these features and
frozen under-ice ponds. They did not fully
resolve, however, whether the blisters corre-
spond to the ice formed in the pond, or wheth-
er the pond ice represents the smooth stretches
in between the roughness elements. The data
presented in this study are of interest in this
context. Clearly, at the time of sampling the
pond represented a prominent trough rather
than a bulge as evident in Fig. 2, with >0.7-m
vertical separation between the bottom pond
ice cover and the adjacent features with higher
draft (e.g. at the location of core 1). This result
is to be expected since topographic depressions
in the ice bottom are prerequisite to the for-
mation of under-ice ponds (as in this case, see
Fig. 2). With a mean thickness of 0.5 m for the
water lens constituting the under-ice pond, its
expansion in volume during freezing amounts
to ~0.05 m. Distributed evenly over the entire
pond, this could not explain the tranformation
of an under-ice pond into a bulge, not even for
a freezing meltwater lens of 2-m thickness.
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Given the apparent low permeability of the
pond bottom ice cover, it could be argued that
pressure builds up within the cavity upon
freezing, eventually inducing rupture of the
bottom ice sheet with subsequent formation
of an ice blister, similar to those described for
the surface of freshwater ice (see also Fig. 6).
At the top surface of an ice floe, cracks or holes
are immediately sealed by the water that rises
and freezes within them due to the low surface
temperatures. At the ice bottom, small cracks
are not likely to close rapidly because they come
into contact with seawater at its melting point
rather than cold air (during the early stages of
pond freeze-up some ice might form at the end
of cracks as freshwater comes into contact with
seawater at — 1.8°C). Meltwater could thus be
discharged from the cavity as soon as a single
small opening forms.

Considering the topography of the under-ice
melt pond shown in Fig. 2, it becomes clear,
however, that even if a blister were to form at
the pond center, its dimensions would never
transform it into a bulge standing out against
the hummocks bordering the depressions with
drafts >3 m. Furthermore, ice growth taking
place during winter would smooth roughness
elements within the depression while leaving
the hummock-depression relief relatively un-
scathed (based on an estimate with the em-
pirical relationship established by Schwar-
zacher 1959 between winter growth and
previous summer’s thickness as well as nu-
merical model results shown by Maykut and
Untersteiner 1971 and Untersteiner 1990).
Hence, the results obtained from this study
support the hypothesis favored by Wadhams
and Martin (1990) that the blisters observed
in the sidescan sonar record are deformation
features protruding from an ice cover,
smoothed among other processes through the
formation of under-ice ponds.

In their combined theoretical and laboratory
study, Martin and Kauffman (1974) demon-
strated that the only significant ice growth tak-
ing place during the ablation season is in un-
der-ice melt ponds. How significant is this
summer’s ice growth for the overall mass bal-
ance of Arctic sea ice? At the study site, mean
pond-ice thickness amounted to 0.20 m, plus
an estimated additional 0.05 m of loose ice
platelets. Similarly, Nansen (1898) observed
0.24 m of summer ice growth. Roughly 0.25-m
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growth during two summer months amounts
to an average accretion rate of 4 mm d—! which
corresponds well with that of 3.6 mm d~! ob-
served by Martin and Kauffman (1974) in the
laboratory. These similar growth rates are to
be expected, since accretion rates are mostly
limited by the physicochemical properties of
the meltwater, the ice cover, and the under-
lying sea ice which do not differ by great
amounts between lab experiment and field ob-
servations. With roughly 25% of multiyear ice
(which accounts for 80% or more of the total
area visited in the central Arctic in 1991) cov-
ered by melt puddles in summer and assuming
that about a quarter of all over-ice melt pud-
dles is underlain by under-ice ponds, under-
ice growth would occur over ~5% of the total
area. The sidescan sonar data shown by Wad-
hams (1988) indicate that this estimate is val-
id, if not too low (see also Wadhams and Mar-
tin 1990 and Hanson 1965, who estimated that
halfthe floe bottom of drift station Charlie was
covered by under-ice ponds). For these bound-
ary conditions, the growth of under-ice pond
ice accounts for a heat flux of 0.7 W m~2 into
the mixed layer. This value represents a sig-
nificant term in the energy balance of Arctic
sea ice, corresponding to ~0.4% of the incom-
ing shortwave flux in July—August and repre-
senting up to a third of the annually averaged
oceanic heat flux (Maykut and Untersteiner
1971; Untersteiner 1990).

Growth of a bottom pond ice cover during
summer also contributes significantly to total
annual ice growth at a particular site. Accord-
ing to thermodynamic model results (Unter-
steiner 1990), a floe of thickness H,, thickens
by the amount 4, during one winter:

Raee = 1.18 exp(—0.415 H,).

Under-ice growth at the sampling site (H, =
1.60 m) amounts to more than a third of or-
dinary thermodynamic growth computed as
h.ee = 0.61 m. While ice is thickened locally
by such summer ice growth, the regional im-
portance of under-ice ponds for the mass bud-
get of sea ice is constrained by the energy bal-
ance of the mixed layer. The flux of latent heat
originating from pond ice growth is directed
downward into the seawater underlying the
bottom pond ice cover (see also Fig. 2). As
demonstrated in the laboratory experiments of
Martin and Kauffman (1974), a fraction of this



