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Abstract. We report for the first time on the discovery of Obviously, due to the lack of direct confirmation of calcium
calcium carbonate crystals as ikaite (Ca@P,0) in sea  carbonate precipitation in sea ice, estimates on its signifi-
ice from the Arctic (Kongsfjorden, Svalbard) as confirmed cance in the sea ice carbon cycle and consequently for polar
by morphology and indirectly by X-ray diffraction as well or even global carbon budgets (Jones and Coote, 1981; Rys-
as XANES spectroscopy of its amorophous decompositiorgaard et al., 2007, 2009) have been constrained. However,
product. This finding demonstrates that the precipitation ofdirect evidence of calcium carbonate precipitation based on
calcium carbonate during the freezing of sea ice is not refield observations was obtained for the first time in 2008
stricted to the Antarctic, where it was observed for the first(Dieckmann at al., 2008), after decades of controversial dis-
time in 2008. This observation is an important step in thecussion on its possible existance. They isolated crystals from
quest to quantify its impact on the sea ice driven carbon cy-sea-ice collected at different locations in Antarctica and un-
cle. ambiguously identified them as ikaite, a hydrated calcium
carbonate polymorph, by means of synchrotron based X-ray
diffraction. Even though it is now known that measureable
calcium carbonate precipitation occurs during the formation
of sea ice, more data on the spatial and temporal occur-
Precipitation of calcium carbonate, during the formation of rence is needed to estimate the impact of this phe_n(_)menon
on the polar and global carbon cycle. Currently it is not

seaice is considered fundamental in catalyzing chemical pro- ear whether ikaite is the onlv caleium carbonate polvmoroh
cesses such as the boundary layer ozone depletion even?é y polymorp

(ODEs) (Sander et al., 2006; Piot and von Glasow, 2008; orming in natural sea ice and we are not aware if this occurs
Morin et al.. 2008: S;nder a,md Morin, 2009), as \;vell as’in Arctic sea ice. From the rare observations in which ikaite

the formation and subsequent draw down of,G@ brine hlas fgege; fg“?ﬁ n (tjheB nﬁlrtlur?t eg\cl)lcr)ghrgent I(e.g. tBulchgl(r)c(i)tle.t
drainage (Rysgaard, 2007, 2009). Furthermore, calcium carg" | 19’63a i an ucﬂ?rt ’I A ’d rr?e or;]et al t’
bonate found in firn off Talos Dome, Antarctica is thought auly, ) it appears that elevated phosphate concentra-

ions play a crucial role in its formation. Therefore it had

- . i
to originate from sea ice and therefore could act as a prox% Lo o
for sea ice cover (Sala et al., 2008). It has to be noted thal een speculated that the occurrence of ikaite in the Arctic is

until recently all these considerations were based on theoi—“'er:“;reelﬁ’nsmecneetg? I}:())r\:\?esrptuitr? i?;ﬁf::égg%li&gg“%Z?:V\\llvi'
retical calculations and data from laboratory experiments. general o
report for the first time on the occurrence of calcium carbon-

ate, again in the form of ikaite, in sea ice from the Arctic
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Fig. 2. Light microscopy imagéa) of Ikaite crystals from Antarc-

tic sea ice (Dieckmann et al., 2008). Light microscopy image —
(b) and(c) — and scanning electron micrografi) of ikaite crys-

tals from Kongsfjorden sea ice after transformation into amorphous

. . . . . ) _calcium carbonate.
Fig. 1. Map showing sea ice stations in Kongsfjorden, Svalbard, in

the vicinity of Ny-Alesund. Solid line denotes the outer ice edge,
and the dashed line indicates the outer edge of level first-year se§ Results and discussion
ice in the inner part of the fjord. Numbers denote day of sampling

sea ice edge
====transition rough/level fastice

78°52'N

(yy/mm/dd). All cores contained CaCf{crystals, but these could not be
guantified and no clear stratification within the core was de-
2 Methods termined due to minute amounts found in most sections.

Maximum visual concentrations were, however, observed in

Sea ice samples were collected at four stations in Kongsfjorthe upper core sections below the snow cover, a similar ob-
den, a fjord on Spitsbergen in the Svalbard archipelago, beservation as was made in Antarctic sea ice cores (Dieckmann
tween 2 and 8 May 2009 (Fig. 1). Inner Kongsfjorden is et al., 2008). Also the crystals had the same morphology
annually covered with first-year sea ice for several monthsas the Antarctic crystals, although they were less transparent
(Gerland and Renner, 2007). (Fig. 2). This milky appearance was not observed directly

Seven cores were collected with a Mark 11l corer (Kovacs) after the samples were taken, but was visible after the sam-
and cut into sections of 4cm beginning at the top. Alter- ples had been transported to the home laboratory. Surpris-
natively, two samples were scraped off the sea ice surfacengly no clear X-ray diffraction pattern could be obtained on
In both cases loose snow was first removed. Samples werthese crystals (Fig. 3), even though they had perfect crystal
stored in 1L plastic cans and allowed to melt in a refrigera-faces. However, the obtained XRD pattern matches the one
tor (+4°C). During melting, samples were monitored and asreported for amorphous calcium carbonate shown by Raz et.
soon as the remaining ice had melted, samples were filteredl. (2002) (Fig. 3). Ca K-edge XANES spectra obtained on
through 2.0 um polycarbonate filters (Millipore). Filters were the crystals match the ones for amorphous calcium carbon-
preserved in absolute alcohol and stored frozeR(Q°C) in ate as published in Michel et al. (2008) (Fig. 4). In contrast
small vials. They were subsequently transported on ice tdo the sample treatment applied to the crystals discovered
the home laboratory where they were stored in a refrigeratoin Antarctic sea ice in 2007 (Dieckmann et al., 2008), the
until further processing a few weeks later. Parallel ice corescrystals collected on Svalbard were mistakenly stored in ab-
were taken to determine temperature and salinity. Temperasolute ethanol £99.9%), rather than in 50% ethanol. The
ture was recorded immediately after core removal at 5 cm in-apparent decomposition of the crystals into amorphous cal-
tervals along the length of the core. Precipitates collected ortium carbonate in absolute ethanol is indicative of a water-
the filters were used for qualitative investigations only. Sub-containing compound, thus confirming the identification as
samples were used for visualization under a binocular mi-ikaite on morphological grounds. As can be seen from
croscope while additional subsamples were investigated byrig. 2c, some crystals show the six-sided appearance of the
X-ray diffraction and Ca K-edge X-ray absorption near edgemonoclinic morphology well known from inorganically pre-
structure (XANES) spectroscopy at the SUL-X beamline of cipitated ikaite crystals. This morphology was also observed
the synchrotron radiation source ANKA of the Karlsruhe In- in some of the crystals from Antarctic sea-ice (Dieckmann et
stitute of Technology. al., 2008).
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Fig. 3. Synchrotron X-ray diffraction (XRD) pattern of synthetic
ikaite (upper panel) and of ikaite from Antarctic sea ice, decom-
posed to amorphous calcium carbonate (lower panel). Additionally,
the line pattern of calcite is shown to demonstrate the similarity of
the diffractogram of decomposed ikaite to the one of amorphous
calcium carbonate (ACC) i€rustacean Orchestia cavimariRaz

et al., 2002).
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During the period of sampling, the sea ice temperature
ranged from—1.8°C to —3.0° C and the air temperature Energy [eV]
from —3.7°C to 3.6°C. These temperatures lie well within
the stability range for ikaite. However, due to the lack of Fig. 4. Ca K-edge X-ray near edge structure (XANES) spectrum
guantitative data as well as supplementary details on th@f precipitates from arctic sea ice stored in pure ethanol (solid line)
physical and chemical conditions prior to the time of sam- compared to a spectrum of synthetic ikaite (dashed line). The spec-
pling it is not possible to determine the exact conditions thattrum of ikaif[e stored in pure ethan_ol matches with the ones of amor-
led to the formation of ikaite at this location. The air temper- PNous calcium carbonate (ACC) in Michel et al. (2008).
ature until the end of April was below°@, with average air
temperatures in N)&Iesund being about-16°C in March

. . . otential of this process also in the Arctic, which is a crucial
and April. Based on this, the ice had only recently warmedp P

rerequisite on the way of further investigations regarding

up to the observed temperatures. The sea ice thickness in t £ role in the polar and global carbon cycles (Thomas and
sampled area ranged from 43 to 64 cm, and the age of th%ieckmann 2010)

ice can be estimated to about 2 to 2.5 months, being slightly
older in the northern part and younger in the southern part ofacknowledgementsive thank Olga Paviova (NPI) for preparing
the inner fjord. the map of Kongsfjorden. Parts of this study was supported by
As mentioned earlier, elevated phosphate concentrationthe Research Council of Norway and the German DAAD under
are considered to represent an important precondition irthe project “Developing methods for advanced modeling of sea
the formation of ikaite (besides low temperatureg}°C). ice physical properties (SALINE)” within the bilateral scientist
The phosphate levels in the seawater in Kongsfijord rangé*change programme “DAADppp”.
between almost zero (0.2umokl) in summer and over
1.1umol ! in late winter when the fjord is still ice cov-
ered (Aguilera et al., 2002; Woelfel et al., 2009). During
onset of sea ice formation, however, concentrations are at
their lowest. Whether these concentrations, particularly the
apparently low levels at the onset of sea ice formation are
conducive to ikaite precipitation, needs to be investigated.
The formation of ikaite is thus shown to occur not only in
the Antarctic, but also in the Arctic. However, the results do
not provide the temporal and spatial dimension of calcium
carbonate formation in polar sea ice, yet they confirm the
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