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Introduction

Sea ice is an important interface between the ocean 
and the atmosphere, influencing the fluxes of many cli-
mate-relevant substances. It acts as a source or sink of 
organic matter, nutrients and gases in micro-scale envi-
ronments (Loose et al. 2011). Sea ice is also an import-
ant habitat for ice algae and microorganisms, including 
bacteria and viruses (Deming & Collins 2017). The 
freeze-rejection process during sea-ice formation can 
cause concentrations of nutrients such as phosphate to 
be highly enriched in brine pockets and channels (Gleitz 
et al. 1995). High concentrations of phosphate were also 
reported in association with organic-rich sediment layers 
in sea ice, indicating contribution from the remineraliza-
tion of particulate matter (Nomura et al. 2010). Fripiat 
et al. (2017) compiled data of nutrients in Antarctic sea 
ice and showed that salinity-normalized phosphate was 
accumulated in sea ice in spring–summer and depleted, 
relative to seawater, in winter in the interior and the 
top layer of sea ice; this seasonal difference is hypoth-
esized to be caused by a preferential remineralization 

of phosphate, and/or retention in sea ice via phosphate 
adsorption onto  metal-organic complexes, which 
requires further studies. 

Ikaite (CaCO
3
·6H

2
O) precipitation has been found in 

both Antarctic and Arctic sea ice (Dieckmann et al. 2008; 
Dieckmann et al. 2010). A laboratory-based study (Hu 
et al. 2014) revealed that phosphate could be strongly 
co-precipitated with ikaite; depending on experimental 
conditions, about 42–97% of the phosphate was removed 
from the solutions because of ikaite precipitation. If these 
laboratory-based results hold true under natural sea-ice 
conditions, phosphate could be preserved in ikaite during 
wintertime, and released again when ikaite dissolves 
(at the same time as the ice melts), which could boost 
biological activity in the underlying seawater in next 
spring. However, no field studies have ever examined this 
possibility. 

The objective of this study was to investigate the effect 
of ikaite precipitation on phosphate removal in sea ice 
under mesocosm and field conditions. In order to obtain 
enough ikaite samples for this study, only the ice from 
the surface layer as well as frost flowers, where ikaite is 
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exchange between the atmosphere and ocean. A laboratory study indicates 
that it could also co-precipitate phosphate from sea ice, which has the 
potential to affect sea-ice biogeochemical processes. However, the relative 
importance of ikaite precipitation on phosphate removal under sea-ice 
conditions remains unknown. We investigated ikaite precipitation in both 
frost flowers and seaice (under two scenarios: flooded by seawater and 
non-flooded) in an outdoor sea-ice mesocosm experiment, and in sea ice 
under natural conditions in north-eastern Greenland. The ice mesocosm 
experiment showed that ikaite was highly enriched in frost flowers with a 
concentration of up to 350 µmol·kg–1. Ikaite was also detected in the surface 
layer of sea ice, ranging from ca. 13 µmol·kg–1 in the non-flooded ice to 
ca. 95 µmol·kg–1 in the flooded ice. However, under all these conditions, 
no phosphate co-precipitation with ikaite was observed. The field study in 
Greenland showed similar results: ikaite was detected in surface ice with an 
average concentration of 13.8 µmol·kg–1, but no phosphate removal due to 
ikaite precipitation was observed. These results suggest that the impact of 
ikaite precipitation on phosphate and the sea-ice ecosystem might not be as 
significant as imagined previously.
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highly concentrated, was investigated to test the hypoth-
eses proposed by Hu et al. (2014) that ikaite precipitation 
removes phosphate in sea ice.

Methods

Ice mesocosm experiment

A sea-ice growth experiment was carried out at SERF in 
January–February 2015. The 18.3 m (length) × 9.1 m 
(width) × 2.6 m (depth) in-ground tank has an opera-
tional seawater volume of 380 m3. Artificial seawater at a 
salinity of 32.2 was prepared according to the methods of 
Millero (2006) by dissolving various commercially avail-
able salts into groundwater (Hare et al. 2013). In addition, 
100-g K

2
HPO

4
 was added to the tank to a final phosphate 

concentration of 1.60 µmol·kg–1. During the ice-growth 
experiment, the tank was covered by a retractable roof to 
prevent accumulation of snow on sea ice (Fig. 1a). 

The frost flower experiment was carried out first: 
when ice grew to a few centimetres, seawater from below 
was sprayed onto a certain sea-ice area, creating a small 
ice-free zone and oversaturation of water vapour over 
the rest of ice surface to promote formation of frost flow-
ers (Galley et al. 2015). This resulted in a massive frost 
flower blossom on the surface of sea ice (Fig. 1b). Dupli-
cate frost flower samples with an average mass of around 
170 g were collected in Whirl-Pak bags. 

At the end of the frost flower experiment, the sea ice 
together with frost flowers was completely melted by 
heating up the seawater from the bottom of the pool. 
Once the tank became ice free, the heater was switched 
off and sea ice grew under calm conditions for over one 
month until the ice thickness reached around 40 cm. On 
31st day, the surface ice (ca. 0–1 cm) was scratched by 
a clean metal blade and collected in a Whirl-Pak bag. 
Duplicate samples with an average mass of around 260 
g at two different locations were collected; these samples 
are referred to as “surface ice.” In addition, we simulated 
sea ice being flooded by seawater by pouring seawater 

onto old ice surface within a 1.2 m × 1.2 m area blocked 
by Styrofoam to form highly saline new ice with a thick-
ness of around 1 cm (Fig. 1c). Triplicate samples with 
an average mass of around 380 g were collected after 
10 days of the new ice-growth experiment; these samples 
are referred to as “new ice.”

Field sampling in Greenland

A field campaign near the Villum Research Station, Sta-
tion Nord (81°36’N, 16°40’W), north-eastern Greenland, 
was carried out in April 2015. The ambient air tempera-
ture was as low as −20 °C. Sea ice was covered by thick 
snow (ca. 1 m), resulting in a sea-ice freeboard of about 
−20 cm. After the snowcover was removed, surface ice 
samples with an average mass of around 280 g were col-
lected from the ice surface (<1 cm in thickness) at two 
locations that were about 3 km apart.

Sea-ice temperature and salinity measurements

The temperature of ice samples (including frost flowers) 
was measured in situ by a hand-held digital thermometer 
probe (Traceable® model 4000, Control Company) with 
a precision of 0.1 °C. The bulk salinity of the meltwater 
samples was measured by a conductivity meter (Orion 
Star A212, Thermo Scientific) at room temperature with 
a precision of 0.1. Brine salinity was calculated from the 
measured sea-ice temperature according to Cox & Weeks 
(1983).

Ikaite and phosphate quantification

After ice samples were collected, they were weighed (as 
m

0
) and melted in a fridge where the temperatures did 

not exceed 4 °C to minimize the dissolution of ikaite 
(Dieckmann et al. 2008). Once the ice was melted com-
pletely but before ikaite crystals had started to dissolve 
(Rysgaard et al. 2012), the upper portion of the meltwa-
ter was quickly filtered through a 0.22-µm Millipore filter 

Fig. 1 (a) The sea ice mesocosm experiment in the SERF outdoor pool; (b) massive frost flowers growing on ice surface; and (c) new ice growing on old 

ice surface inside an area isolated by Styrofoam.
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(mixed cellulose esters membrane) using a glass syringe. 
The filtered water was used for TA and phosphate mea-
surements, denoted as TA

0
 and (PO

4
)

0
. The remaining 

meltwater was weighed (as m’) again and slowly brought 
to room temperature in dark for at least two hours to 
ensure that ikaite crystals were completely dissolved, but 
not more than for 12 hours to minimize the impact of 
biological activity. Then the remaining meltwater was 
also filtered and used for final TA and phosphate mea-
surements, denoted as TA’ and PO

4
’. TA was measured 

using a TIM 840 titration system (Radiometer Analyti-
cal, ATS Scientific Inc.) with a precision of better than  
±3 µmol·kg–1. Phosphate measurements were done by 
using UV-Vis spectroscopy (Cary 5000) at a wavelength 
of 880 nm according to Murphy & Riley (1962), with a 
precision of better than ±0.02 µmol·kg–1.

The dissolution of ikaite in meltwater is described by

CaCO
3
·6H

2
O + CO

2
 ↔ Ca2+ + 2HCO

3
− + 5H

2
O� (1)

Since 1 mol of ikaite dissolution will result in 2 mol 
TA increase according to Eqn. 1, the amount of ikaite 
(Δikaite) in the ice samples can bequantified from the 
difference between the alkalinity of meltwater after and 
before ikaite dissolution:

∆ = − × m mikaite 1
2

(TA ' TA ) '/0 0
� (2)

The amount of phosphate removed by ikaite precipita-
tion (ΔPO

4
) was quantified from the difference between 

the phosphate of meltwater after and before ikaite 
dissolution:

ΔPO
4 
= (PO

4
’ − (PO

4
)

0
) × m’/m

0
� (3)

Results and discussion

In the ice mesocosm experiment, as shown in Table 1, 
the average bulk salinity of frost flowers was 44.8, fol-
lowed by that of new ice as 35.1 and surface ice as 13.2. 
The temperatures and brine salinities of frost flowers, 
new ice and surface ice were −14 °C and 171.5, −9.2 °C 
and 136.3 and −10 °C and 142.8, respectively, which 
are comparable with the natural conditions reported by 
Geilfus et al. (2013). The ikaite concentrations in frost 
flowers were 353.5 ± 8.3 µmol·kg–1 (average ± standard 
deviation), 94.4 ± 14.2 µmol·kg–1 for new ice and 12.7 ± 
2.5 µmol·kg–1 for surface ice. Surface ice samples collected 
in north-eastern Greenland had an average bulk salinity 
of 10.6, relatively warm temperature of −4.4 °C and low 
brine salinity of 76.4 due to the thermo-isolation pro-
vided by snow cover. The average ikaite concentration 
of 13.8 ± 12.1 µmol·kg–1 is in the same range as found 
in the ice mesocosm experiment for the surface ice and 
other published studies (e.g., Fischer et al. 2013; Geilfus 
et al. 2013). For all the surface ice and new ice samples 
in the ice mesocosm experiment as well as the surface ice 
samples from the field, the concentrations of phosphate 
measured before and after ikaite dissolution showed no 
difference for all the ice samples within the analytical 
uncertainty (Table 1). For instance, the phosphate concen-
tration in the new ice sample was 1.89 ± 0.02 µmol·kg–1 

before ikaite dissolution and 1.88 ± 0.02 µmol·kg–1 after 
ikaite dissolution. Higher phosphate concentrations were 
observed in frost flower samples as expected, but with 
a slight decrease after ikaite dissolution; on average, the 
phosphate concentration decreased from 2.65 to 2.49 
µmol·kg–1. The reason for decrease in phosphate concen-
tration is not clear in this study. However, it could be due 

Table 1 Temperature (T), salinity (S) and the amount of ikaite precipitated in frost flowers, surface ice and new ice grown at Sea-ice Environmental 

Research Facility (SERF) as well as in surface ice from north-eastern Greenland. Also shown are the phosphate (PO4) concentrations before and after ikaite 

dissolution and their difference (ΔPO4).

Ice sample T (°C) Bulk S Brine S Ikaite 

(µmol·kg–1)

(PO4)0 

(µmol·kg–1)

PO4' 

(µmol·kg–1)

ΔPO4
a 

(µmol·kg–1)

SERF

Frost flower
1

−14
41.7

171.5
347.6 2.51 2.33 −0.18

2 47.8 359.4 2.79 2.65 −0.14

Surface ice
1

−10
12.0

142.8
14.5 0.27 0.25 −0.02

2 14.4 10.9 0.66 0.66 0

New ice

1

−9.2

34.6

136.3

98.2 1.91 1.91 0

2 35.0 84.3 1.87 1.87 0

3 35.9 104.4 1.89 1.87 0.02

Greenland Surface ice
1

−4.4
12.1

76.4
22.4 0.25 0.26 0.01

2 9.2 5.3 0.23 0.23 0.00

aHere, ΔPO4 = (PO4′ − (PO4)0. Phosphate concentration within ±0.02 µmol·kg–1 is considered to be 0 because of uncertainty in instrumental 
analysis.
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to biological uptake during sample processing. In other 
words, phosphate removal was neither detected by ikaite 
precipitation under any of the experimental conditions in 
the ice mesocosm experiment nor in the natural sea ice in 
this study, which is in contrast with the laboratory-based 
results obtained by Hu et al. (2014).

It is noted in this study that the amount of ikaite pre-
cipitated was rather small, even in the frost flower sam-
ples, where the concentration of ikaite was about 353.5 
µmol·kg–1. In comparison, in the study done by Hu et al. 
(2014), the final ikaite concentrations ranged from 4800 
to 8646 µmol·kg–1, which is about one to two order of 
magnitude larger than those detected in this study. Is this 
the reason why no phosphate removal was observed in 
this study? As revealed by Hu et al. (2014), phosphate 
removal due to ikaite precipitation mainly occurred at the 
ikaite nucleation stage (i.e., the amount of ikaite at this 
stage is very small); further growth of ikaite crystals did 
not have a significant impact on phosphate removal, sug-
gesting that phosphate removal is not related to the total 
amount of ikaite precipitated. Therefore, the difference 
between the total amount of ikaite precipitated in the lab-
oratory-based experiment and the ice mesocosm experi-
ment is insufficient to explain the difference in phosphate 
removal. The results obtained by Hu et al. (2014) further 
indicate that a larger amount of phosphate was co-pre-
cipitated with ikaite at higher solution ikaite saturation 
level. For instance, in the study done by Hu et al. (2014), 
the percentage of phosphate removal increased from 42 
to 97% as the solution saturation level with respect to 
ikaite increased from 3.02 to 5.37. Therefore, the fact that 
no or negligible phosphate was removed by ikaite pre-
cipitation in the sea-ice mesocosm experiment as well as 
in the field investigation would suggest that ikaite might 
have precipitated at a rather low solution saturation level 
in sea ice. Under laboratory conditions, the precipitation 
of ikaite can occur very rapidly, within hours to minutes; 
however, it may take days or weeks for ikaite to precip-
itate in natural sea ice (Papadimitriou et al. 2014). The 
nucleation rate of ikaite in sea ice and even in frost flow-
ers might be too slow to cause any significant removal of 
phosphate. The role of ikaite precipitation in phosphate 
concentration therefore appears to be insignificant. 

Conclusion

Ikaite precipitation in sea ice was observed in both 
the sea-ice mesocosm experiment and the field study 
in north-eastern Greenland. However, no phosphate 
removal due to ikaite co-precipitation was detected. 
This indicates that ikaite precipitation in ice mesocosm 
experiment and at field site occurred at low-solution 

ikaite saturation level and that its precipitation does not 
remove a significant amount of phosphate from sea ice. 
The impact of ikaite precipitation on phosphate removal 
in sea ice and thereby on biological activity might not be 
as significant as imagined previously.
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