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ABSTRACT. The behavior of major ions, �18O, dissolved organic carbon (DOC) and
trace elements was studied during the initial freezing of low-saline water (3 practical sal-
inity units) in a freezing experiment. Samples were also collected from first-year sea ice
from pack ice in the Bothnian Bay, northern Baltic Sea. During initial ice formation, the
major-ion ratios in sea ice indicated variable behavior, with some ions showing relative
enrichment (sulfate, calcium and magnesium), conservative behavior (sodium) or rela-
tive depletion (potassium) compared to sea water at the same salinity. DOC, iron and
aluminum showed enrichment in the ice, while zinc was depleted to salinity. Lead was
detected in surface snow-ice layers only, implying atmospheric accumulation. First-year
sea ice, with a variable growth and thermal history, showed behavior for major ions
similar to that observed in new ice. However, for trace elements the picture was much
more complicated, most likely due to active secondary processes such as atmospheric sup-
ply andbiological activity. Ice growth has a potential impact on the chemical budgets and
cycling of some elements, especially those which are selectively rejected/retained during
sea-ice formation, particularly in the shallow parts of the Bothnian Bay covered with a
land-fast ice cover.

1. INTRODUCTION

Although sea-ice studies have been a focus of considerable
research activity for over 100 years, our understanding of
the biogeochemistry of sea ice is still rather limited. Most
chemical studies to date have been linked to the study of fac-
tors influencing sea-ice ecology, and in particular the chem-
ical processes that take place during ice formation, as the
growing ice cover is colonized by the sea-ice biology (see re-
views byThomas and Dieckmann, 2002;Thomas and Papa-
dimitriou, 2004). There is a distinct paucity of information
from abiotic systems, which severely limits our understand-
ing of the dominant chemical transformations as seawater is
transformed from its liquid phase to a semi-solid matrix
(Anderson andJones,1985; Giannelli and others, 2001;Mock
and others, 2002; Papadimitriou and others, 2004).This gen-
eral lack in sea-ice chemical studies is even more pro-
nounced in the ice formed from the low-salinity waters of
the Baltic Sea where sea ice is a dominant feature every
winter. Although the salinity of northern Baltic Sea water
is as low as 2^7 psu (practical salinity units), in the surface
layer the ice shows typical sea-ice features (with preferred
horizontal c axis, jagged grain boundaries, and a substruc-
ture within the grains associated with brine layers). This
holds down to about 1psu parent-water salinity (Palosuo,
1961; Kawamura and others, 2001), when a planar ice^water
interface is stabilizing, preventing the development of intra-

crystalline substructure and strongly limiting impurities in-
clusion into the ice. Experiments on the freezing of low-im-
purity waters, although with very few solutes, have been
performed previously (e.g. Malo and Baker, 1969; Gross
and others, 1975, 1977). A better understanding of the com-
plex chemical processes that occur during sea-ice formation
and subsequent metamorphism and melt is vital if we are to
fully understand the geochemistry, and the chemical
sources and sinks in ice-covered seas.

Clearly the biological activities within a confined habi-
tat are the most influential factors governing the chemical
properties of sea ice and at the same time masking the
chemical properties of sea ice inherited from purely physi-
co-chemical processes (Meese, 1989; Gleitz and others,
1995). Except for those major inorganic nutrients used by
both heterotrophic and autotrophic components of the sea-
ice biota, the ratios of other major ions (sodium, potassium,
sulfate, chloride, etc.) in the ice remain fairly close to those
measured in sea water (e.g. Addison, 1977; Meese, 1989).
However, temperature gradients in sea ice provide a means
of selectively immobilizing specific cryohydrates, such as
CaCO3�6H2O (ikaite) and Na2SO4�10H2O (mirabilite),
which leads to fractionation and variation in major-ion ra-
tios (Richardson, 1976; Weeks and Ackley, 1982; Papadimi-
triou and others, 2004). This has been evident in that
sulfate/chloride ratios are different in sea ice than in the par-
ent seawater (e.g. Reeburgh and Springer-Young,1983), and
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other ions which form cryohydrates at (relatively) high tem-
peratures are immobilized in sea ice (e.g. Meese,1989).

While brine chemistry and inorganic nutrients such as
nitrate, phosphate, silica and ammonium are the most nu-
merously studied chemical properties of sea ice, there have

been comparatively limited efforts to study the behavior of
other dissolved inorganic and organic constituents of sea
water. Recently Giannelli and others (2001) reported that
dissolved organic carbon (DOC) may not behave conserva-
tively during sea-ice formation and consolidation, becom-
ing slightly enriched in artificial sea ice to salinity.Very few
investigations have reported on the effects of ice formation
and growth on trace elements in sea ice (e.g. Granskog and
Virkanen, 2001; Nedashkovskii, 2002). Granskog andVirka-
nen (2001) showed that atmospheric supply, and snow-ice
formation, is important for Pb levels in Baltic Sea ice. Ne-
dashkovskii (2002) observed enrichment of both Cd and Pb
in sea ice in respect to sea water, and proposed that incorp-
oration of the sea-surface microlayer, highly enriched in Pb
and Cd, results in an excess of these elements.

In the shallow waters of the Baltic Sea the potential im-
pacts of sea-ice growth on seasonal chemical budgets are
likely to be highly significant. The northernmost basin, the
Bothnian Bay (mean depth 40m), often has an ice season
longer than 6months. The land-fast sea ice grows typically
50^120 cm thick and extends to the 5^15m isobath (Lepp�r-
anta, 1981). Thus land-fast sea ice covers about one-third of
the surface area, while pack ice covers the rest. Therefore
one can assume that the potential influence of sea-ice
growth is highest in the shallow land-fast sea-ice-covered
region of the basin.To address this obvious lack of informa-
tion, we report on the results from an experimental study in
winter 2002, when ice was grown under natural conditions
in a pool cut into fast ice in the brackish water (3 psu) of the
Bothnian Bay, in the northernmost Baltic Sea.The objective

Fig. 1. Location of the experimental site (cross), and the

sampling locations for first-year sea-ice samples in February

(solid triangles) and April (stars).The solid line approxi-

mates the land-fast ice edge in mid-February, and the dashed

line the pack-ice edge in mid-April (modified from Finnish

Ice Service ice charts). In February the pack ice extended

further south.

Fig. 2. (a) Air temperature and (b) ice and water temperature.The arrows indicate sampling times.The legend indicates the

depth of the thermistors during initial set-up; after snow-ice formation (after 66.5 hours from the start of freezing), the uppermost

thermistor was about 11cm below the ice^snow interface.
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was to study the fractionation of a range of different chemi-
cal classes during new ice formation at low salinities. Forma-
tion of snow ice during the experiment allowed us to study
the chemical properties of this ice type as well. In addition,
the experimental ice was compared with first-year ice with
unknown age, growth and thermal history collected on two
occasions in the same winter from the pack ice in the Both-
nian Bay. This accommodates the comparison of new ice,
often grown in experiments, with ice grown in natural con-
ditions for a longer period. A purpose of this work was to
shed more light on the chemical composition of sea ice in
the Baltic Sea, which is, to date, virtually unknown, except
for limited information mainly on nitrogen and phosphorus
nutrient levels (e.g. Mock and others, 1997; Kaartokallio,
2001; Granskog and others, 2003b).We will also discuss the
potential influence of sea ice on chemical cycling and bud-
gets in seasonally ice-covered seas.

2. MATERIALS ANDMETHODS

2.1. Ice growth experiment (new ice)

To study the chemical processes during initial ice formation
in natural conditions, an opening (hereafter referred to as a
pool),1.5mby 2m, was cut into the 0.5m thick fast ice in the
vicinity of the Bothnian BayResearch Station (University of
Oulu), on the western tip of Hailuoto island in the north-
eastern part of the Bothnian Bay (Fig. 1). The water at this
location is brackish (water salinity 2.95 psu), and the pool
was frozen under natural conditions. The under-ice water
and ice grown within the pool were sampled for studies of
the fractionation of major ions (Naþ, Kþ, Mg2þ, Ca2þ,
Cl� and SO4

2�), stable oxygen isotopes (�18O), DOC and
trace elements (Al, Fe, Cu, Zn, Cd and Pb).

Temperatures in the air, ice and under-ice water were
measured using thermistors and logged onto Gantner
IDL100 dataloggers. Weather conditions were also moni-
tored at the nearby (1km)Marjaniemiweather station (Fin-
nish Meteorological Institute). Conductivity and
temperature profiles of the water column were measured
daily from a small hole in the corner of the pool using a
WTW LF197 sensor.

Conditions during the field experiment changed rapidly
from rather calm and cold conditions to stormy and rather
mild weather (Fig. 2). During the first phase the air tem-
perature was around ^13‡C. After about 30 hours of ice
growth a low-pressure system reached the area, and the con-
ditions switched rapidly to mild temperatures (^3 to ^8‡C)
and windy conditions, with snow accumulation onto the ice
that considerably slowed down ice growth at the ice^water
interface. Furthermore, snow ice started to form after the
second sampling occasion (66.5 hours). At the end of the ex-
periment (182 hours) the total ice thickness in the pool was
21cm, of which 11cmwas snow ice.

Ice samples were collected by cutting, with a stainless-
steel saw that was soaked and rinsed with ultra-pure water
between samplings, a block of ice about 20 cm� 7 cm from
the pool after 22.5, 66.5 and 182 hours from the start of ice
formation. Sampling was infrequent because we wanted to
collect ice samples as undisturbed as possible. Following
the second sampling (66.5 hours) it was decided that no
other samples would be collected until the end of the experi-
ment (182 hours) so that snow ice would develop as undis-
turbed as possible. The collected ice blocks were put

immediately into polyethylene bags, and kept below ^20‡C
in a freezer until preparation for analysis. Under-ice water
samples were collected directly into polyethylene vials
(25mL) for major-ion and �18O determinations, and into
acid-washed polypropylene tubes (50mL) for trace element
determinations. All water samples were frozenwithin1hour
from retrieval and kept so until analysis. Samples for DOC
were filtered directly through pre-combustedWhatman GF/
F filters into pre-combusted glass vials, and preserved with
two drops of phosphoric acid (Merck, pro analysi grade).
These were also frozen until analysis. All samples were
transported in a freezer to the Rovaniemi Research Station
(RRS) of the Finnish Forest Research Institute for further
sample preparation.

2.2. Sampling of first-year sea ice

Sampling of first-year sea ice of unknown growth and
thermal history was conducted on two occasions: in Febru-
ary 2002 onboard the Swedish icebreakerYmer (three cores)
and in earlyApril 2002 on board icebreakerAtle (five cores)
in the pack ice in thewestern parts of the Bothnian Bay (Fig.
1). The samples were taken from undeformed ice floes or
level areas of deformed ice floes. In February the ice was
snow-covered (0^12 cm), relatively cold (^0.2 to ^2.0‡C)
with air temperatures below freezing. In April the snow
cover had disappeared, the ice was in general close to its
melting point, air temperatures were above freezing and
the ice had begun to decay.These samples represent sea ice
with a range of different growth conditions and thermal his-
tory. They were collected with an ice-corer (Kovacs Enter-
prises Inc., NewHampshire, U.S.A.), transferred into plastic
tubing and immediately put into a freezer (^20‡C). The
samples were transported in a freezer to the RRS for further
sample preparation.

2.3. Sample preparation and analysis

For ice-texture analysis each ice sample (block or core) was
cut lengthwise to obtain a 1cm thick section, which was cut
into 5^20 cm long vertical sections. These sections were at-
tached to glass plates, planed to about 1mm thickness and
then examined between crossed polarizers to identify the
crystal structure. Based on the structure the ice was first
divided into texture classes, namely granular ice, intermedi-
ate granular columnar ice and columnar ice (Eicken and
Lange,1989).Thereafter granular ice was divided into snow
ice (including snow ice and superimposed ice) and granular
sea ice based on its �18O composition. In short, granular
layers with �18O values lower than the parent sea water are
assumed to be snow ice (see Granskog and others, 2003a).

For chemical analyses the ice samples were prepared in
the cold room at the RRS (^22‡C). First, 1^2 cm of all the
outer surfaces of the sample blocks from the growth experi-
ment were removed using a band-saw. The remainder was
sawed into 10^20mm thick horizontal sections. From the
cores 2 cm of the outer surfaces were removed using a
band-saw, and the remaining slabs were cut into 20^50mm
horizontal sections for major-ion analysis, and along textur-
al boundaries for trace-element and �18O determinations.
The surfaces of these sections were further scraped off using
a ceramic knife (B˛ker Baumwerk GmbH, Germany) inside
a laminar flow-bench, and put into acid-washed polyethy-
lene cups (250mL, with screw caps) for melting. Procedural
blanks were prepared in exactly the same manner as the
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samples, using frozen ultra-pure water cores (seeJauhiainen
and others, 1999). All material in contact with the samples
was carefully acid-washed and thoroughly soaked and
rinsed with ultra-pure water, prior to use.

Salinity was determined using the measured conductiv-
ity (Schott handylab LF1 conductometer) converted to
salinity (psu) using the Fofonoff and Millard (1983) algo-
rithms. DOC was determined using high-temperature com-
bustion oxidation as described in Giannelli and others
(2001); procedural blanks were below the detection limit of
the instrument (10�M). �18O was determined using stand-
ard methods by a mass spectrometer (Finnigan-MAT
Delta-E), to an accuracy of 0.1 (Granskog and others,
2003a).

Major cations (Naþ, Kþ, Mg2þ, Ca2þ) and anions (Cl�,
SO4

2�) were determined using a Dionex Dx-120 ion chrom-
atograph at the RRS. Frozen samples were melted in a hot-
water bath. Before analysis, samples were diluted to be with-
in the range of the calibration curve. A new calibration was
performed for every batch of samples and was checked by
reference standards. Cations were analyzed via suppressed
ion chromatography with Dionex CG12 and CS12 columns,
500 �L loop and 18mM methanesulfonic acid eluent. An-
ions were analyzed via suppressed ion chromatography with
Dionex AG15 and AS15 columns, 2mL loop and 38mM so-
dium hydroxide eluent. The suppression was provided by a
Dionex CSRS-ULTRA for cations and Dionex AMMS III
for anions.Themethods are described in more detail by Ke-
konen and others (2002).

Trace elements (Al, Fe, Cu, Zn, Cd and Pb) were meas-

ured byThermo Elemental X7 ICP-MS (Thermo Elemen-
tal,Winsford, U.K.). Because the water and ice samples were
not filtered, to avoid further contamination, the measure-
ments represent the total concentration of these elements in
the samples. The instrument was equipped with collision
cell technology (CCT), standard low-volume glass impact
bed spray chamber (Peltier-cooled at +3‡C), concentric
glass nebulizer and Cetac ASX-500 autosampler. The use
of a collision cell was necessary to allow determination of
iron at low �g L�1 level. All collision-cell gas connections
were made using stainless steel, and 7% H2 in He was used
as the collision gas.The ion lens settings, nebulizer flow rate
and torch position were optimized daily, to obtain maxi-
mum 115In count rate.The instrument was calibrated before
every batch of samples, and calibration was updated fre-
quently during measurements. The limit of detection
(LOD) was defined as the signal equal to the blank signal,
yB, plus three standard deviations of the blank, sB.

When the blank signal and its standard deviation were
known, the LOD concentration was obtained as follows:

LOD ¼ yB þ 3sB
S

; ð1Þ

where S is the slope of the calibration line, that is, the sensi-
tivity. This gives the most unbiased estimator for LOD,
assuming that sensitivity is correctly estimated (Miller and
Miller, 2000). LOD for each element was as follows (in �g
L�1): Al 2.35, Fe 1.65, Cu 0.94, Zn 2.50, Cd 0.0028 and Pb
0.059.

Fig. 3. Profiles of (a) salinity, (b) dissolved organic carbon (DOC), (c) chloride (Cl�), and (d) iron (Fe) in the ice at the end
of the experiment (182 hours).The inverted triangle shows the average concentration in under-ice water.The dashed line shows the

snow-ice/congelation-ice interface.
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3. RESULTS

3.1. Ice growth experiment (new ice)

Figure 3 shows profiles of salinity, DOC, chloride and iron
in the ice at the end of the experiment, after 182 hours of ice
growth. The topmost 11cm is snow ice, whereas the lower
part is columnar ice formed during congelation growth.
The incorporation of DOC, chloride and iron follows that
of the salinity of the ice.

Linear correlations between salinity, depth and major
ions (not shown) indicate that all ions are strictly related to
salinity and also each other (R > 0:91; P <0.0001). Salinity
and the ions are also related to depth (R ¼ �0:73 to
�0:79; P < 0.0001), probably a result of changes in the
growth rate with depth and the amount of initial salt en-
trapment.

In the literature the fractionation of major ions has been
studied by comparing the ratio of sulfate, sodium, potas-
sium, magnesium and calcium to chloride in the ice to that
in the parent sea water (e.g. Reeburgh and Springer-Young,
1983; Meese, 1989). We consider that our experimental ice
had a very short (and known) thermal history, compared
to natural sea ice sampled in several other studies cited
(e.g. Addison, 1977; Overgaard and others, 1983; Reeburgh
and Springer-Young,1983; Meese,1989).

SO4
2� is enriched in the majority of the samples com-

pared to parent sea water (Fig. 4a), the enrichment being
somewhat higher at higher salinities in congelation ice.
Slight enrichment is also observed for Ca2þ and Mg2þ in

the ice (Fig. 4b and c). In contrast, Kþ/Cl� shows slight de-
pletion of Kþ throughmost of the ice (Fig. 4d). Sodium (not
shown) shows conservative behavior, with Naþ/Cl� ratios
very close to that of the parent sea water in all samples.
There were no significant changes in any of the ion ratios
with time in congelation ice, that is, the ratios were the same
in the early samples (22.5 and 66.5 hours) as at the end of the
experiment (182 hours) (analysis of variance (ANOVA),
P > 0:05).

Table 1 shows the average enrichment factors Dc for dif-
ferent ions in respect to Cl�.Dc is defined as follows (Weeks
and Ackley,1982):

Dc ¼ ðc=Cl�Þi � ðc=Cl�Þw
ðc=Cl�Þw

ð2Þ

where c is the concentration of the ion of interest, and sub-

Fig. 4. Plot of (a) sulfate, (b) calcium, (c) magnesium and (d) potassium against chloride for new ice grown in the experiment.

The solid line represents the average sea-water ion (SO4
2�, Ca2þ,Mg2þ orKþ)/Cl ratio, and the dashed lines shows the extreme

values observed in sea water during the experiment.

Table 1. Mean� s.d. enrichment factors Dc (see text) for

different ions in new ice, grown during the experiment, and

in first-year sea ice from the pack ice in February and April

Experiment

(n ¼ 53)
February

(n ¼ 37)
April

(n ¼ 52)

DSO4
0.2631�0.1460 0.2517�0.1687 0.1130� 0.1750

DCa 0.1747�0.1467 0.4002�0.2834 0.3311�0.2886
DMg 0.1661�0.1449 0.2397�0.2109 0.2110� 0.2874
DK ^0.0846� 0.1001 ^0.0536� 0.1238 ^0.0098�0.2317
DNa ^0.0074� 0.0764 0.0228�0.0484 0.0227�0.1702
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scripts i and w indicate ice and water respectively. Positive
values of Dc indicate that there is an excess of the ion c in
the ice in respect to Cl� compared to parent sea water. Dc

values show the same as Figure 4, that SO4
2�, Ca2þ and

Mg2þ are enriched, Kþ is depleted, and Naþ is basically un-
changed in the ice in respect to Cl� during initial ice forma-
tion.

Inferred from ion to Kþ ratios, potassium is the most
mobile ion of those measured, with considerable depletion
in the ice in respect to other ions. All ion/Kþ ratios were sig-
nificantly higher in congelation ice than in snow ice (ANO-
VA, P < 0:01Þ.The ion Cl� ratios for snow ice are closer to
the ratios in the parent sea water than in congelation ice
(one-wayANOVA, P < 0:025).

Comparison of the measured DOC values in the ice to
those in water diluted to the salinity of the ice (expected
values in the ice if DOC would behave conservatively)

shows there is an excess of DOC in the ice (Fig. 5). This is
also seen in the positive enrichment factor for DOC in re-
spect to salinity (Table 2).

Aluminum and iron are enriched in both the snow-ice
and the columnar ice layers in respect to salinity (Table 2;
Fig. 5). Zinc, on the other hand, shows depletion in respect
to salinity (Table 2).The level of Pb is below LOD in the ice,
except in the topmost snow-ice layers, where the levels are
considerably enriched in respect to salinity (Table 2). Cd
shows slight enrichment in the ice (Table 2); this is especially
evident for the snow-ice layers.

3.2. First-year sea ice

The structural and �18O composition of the sea-ice samples
collected in the pack ice of the Bothnian Bay revealed that
the ice had undergone very complex growth processes.
Snow-ice or superimposed-ice formation was evident in all
cores; meteoric ice fractions to total ice mass ranged from
5.6% to 23.4% (computed according to Jeffries and others,
1994). Rafting also seemed to have occurred at some of the
sites, with granular ice layers between sometimes tilted
columnar ice layers. At one site the ice formed resembled
platelet ice in structure, and there was a several meter thick
layer of unconsolidated ice crystals underneath the ice floe
at the time of sampling. Observations therefore suggest that
the ice growth in the Bothnian Bay pack ice is very complex,
with thermodynamic growth at the upper surface (snow ice
and superimposed ice) and the ice^water interface (congel-
ation ice), and also dynamic thickness growth (e.g. by raft-
ing) all being important. The variable growth conditions
are, not surprisingly, reflected in the highly variable chemi-
cal properties of the ice grown in these conditions.

Figure 6 shows vertical profiles of Cl� in samples col-
lected in pack ice in western parts of the Bothnian Bay in
February and April 2002. In April the profiles showed little
resemblance to each other, whereas in February they
showed rather uniform salinity profiles, except in the very
topmost parts which are modified by flooding and snow-ice
formation also evident in previous investigations in the same
area (e.g.Weeks and others,1990). In April the (mean) bulk
ice salinity (0.20 psu) has decreased from that observed in
February (0.50 psu).

Linear correlations between salinity, depth and major
ions (not shown) show that all ions are strongly related to
salinity and each other (R > 0:94, P < 0:0001), while sal-
inity and ions are unrelated to depth (R ¼ �0:20 to
�0:28; P < 0:05).

The fractionation of major ions shows behavior very
similar to that of the ice grown in the experiment (Fig. 7),
despite varying growth processes and thermal histories of
the samples. SO4

2�, Ca2þ and Mg2þ show slight enrich-
ment in the ice, while Kþ is depleted (Fig. 7). The same is
also true of the Dc values in Table 1, shown separately for
samples collected in February and April. In February
samples, the ion/Cl� ratios in the snow-ice layers are almost
without exception significantly closer to that of sea water
than in the remaining ice (individual cores, paired t test,
P < 0:05; data not shown). In April, however, there is no
difference (paired t test, P > 0:05; data not shown).

Linear correlations between depth, salinity, �18O, Fe, Al,
Cd, Cu and Pb show that relationships between these are
non-existent, with a few exceptions. Most notable is that
none of the trace elements, except for Cu (R ¼ 0:90,

Table 2. Mean � s.d. enrichment factors Dc (see text) for

different trace elements and DOC for new ice grown in the

experiment in respect to salinity, that is, salinity (psu) has

been substituted for Cl�in Equation (2)

Experiment

DAl 3.24�2.19
DFe 1.96� 0.65
DZn ^0.48�0.43
DCd 0.48�0.43
D�

Pb 4.62�1.70
DDOC 0.44� 0.28

* DPb is computed for the topmost snow-ice layers only,
otherwise Pb was belowLOD

Fig. 5. Plot of the ratio of the concentration of individual spe-

cies (Al, Fe, Zn and DOC) in ice (at 182 h) to that in water

(Ci / Cw) vs the ratio of salinity in ice to that in water (Si /

Sw).The dashed line shows the expected Ci/Cw ratio if the

individual species behave conservatively to salinity.
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P < 0:01; n ¼ 12), show any relationship with salinity.This
implies that these elements are not controlled by salinity to
the same degree as major ions. Pb shows significant rela-
tions with �18O (R ¼ �0:53; P < 0:001) and depth
(R ¼ �0:41; P < 0:02), which is an indication of elevated
levels in the surface parts of the ice.

Trace-element levels in different ice types (Table 3) were
compared with ANOVA. Only Pb showed a significant dif-
ference between ice types, with higher levels in snow ice
than in either columnar or intermediate granular columnar
ice (P < 0:05; Tukey multiple comparison test). Whether
trace elements are enriched in the pack-ice samples in re-
spect to salinity cannot be definitely answered, because the
levels of trace elements in the under-ice water varied so
much between the stations that both depletion and enrich-
ment were observed in the ice in respect to salinity.

4. DISCUSSION

4.1. Major ions

The major ions (Naþ, Kþ, Mg2þ, Ca2þ, Cl�and SO4
2�)

were strongly related to salinity in this low-salinity Baltic
Sea ice, both in new ice and in first-year sea ice. This indi-
cates that major-ion chemistry is largely controlled by sal-
inity alone and that the ratios between ions remain fairly
constant in the entire ice sheet.This compares well to Meese
(1989) who reported that major-ion chemistry in sea ice
formed in higher-salinity waters is controlled by salinity,

and her results showed similar correlations between ions
from first-year sea ice in the Beaufort Sea.

Deviations in the ion/Cl� ratios in the ice in respect to
that in sea water are an indication of selective fractionation
either during initial freezing (e.g. Malo and Baker,1969) or
in older ice by the formation of cryohydrates during thermal
cycling which causes selective mobilization or retention of
ions compared to others in the brine (e.g. Reeburgh and
Springer-Young,1983; Meese,1989). The results for previous
investigations on the SO4

2�/Cl� ratio in sea ice have been
summarized by Reeburgh and Springer-Young (1983), and
showed that both relative enrichment and depletion of
SO4

2� occurs during sea-ice formation and ageing.
SO4

2�enrichment was observed in new ice (after 22.5 and
66.5 hours of growth), taken prior to any flooding or snow-

Fig. 6. Profiles of Cl^ in first-year sea-ice samples collected in February (left) and April (right) 2002. Notice the different

horizontal scale.

Table 3. Mean� s.d. (�g L^1) of trace elements in different

ice types for first-year sea ice

Snow ice Granular Columnar Intermediate

granular columnar

Al 16.19�3.49 13.21�5.96 12.20�5.75 14.08�5.99
Fe 10.47�5.21 9.89�5.27 5.03�1.74 20.82�12.03
Cu 1.69�1.21 1.22�0.28 ^ 1.47�0.68
Zn 9.58�7.73 8.62�6.48 7.45�4.66 4.54�3.01
Cd 0.052�0.022 0.047�0.005 0.046� 0.008 0.045�0.031
Pb 0.73�0.43 0.58�0.41 0.27�0.16 0.29� 0.17
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ice formation, indicating that selective fractionation or for-
mation of cryohydrates occurred already during the very
early stages of ice growth. If brine drainage occurred later,
the changes in the initial ratios were insignificant in the new
ice. First-year sea-ice ion ratios also indicate that the ion
ratios are not much affected after initial ice growth, and
the ions are removed in a nearly constant ratio with ageing.
With the temperatures observed during our experiment,
CaCO3 and Na2SO4 should be the only salts to precipitate,
according to the standard sea-ice phase diagram (e.g. Ri-
chardson,1976; Addison,1977; Meese,1989).

Both Ca2þ and SO4
2�showed enrichment in the ice,

whileMg2þ was also enriched (Figs 4 and 7).This compares
with observations of Mg2þ enrichment by Addison (1977)
and Meese (1989) in young (arctic) sea ice. Meese (1989)
assumed that Mg2þ may be precipitating at higher tem-
peratures with an ion other than Cl�. The recorded tem-
peratures in the ice were above ^10‡C during new ice
formation, so if the assumption of Mg2þ forming a salt is
correct, this happens already at relatively high tempera-
tures. However, an explanation for the enrichment of
Ca2þ, Mg2þ and Kþ in new ice is the diffusion-controlled
sequence of preferential incorporation of cations,
Ca2 > Mg2þ > Kþ reported by Malo and Baker (1969),
which is supported by the fact that the Dc values decrease
in the same order (Table 1). This initial sequential segrega-
tion of ions is quite likely since brine drainage seems not to
have affected the initial ion ratios in new ice. Addison (1977)
andMeese (1989) observed depletion of Kþ, which is attrib-

uted to the fact that Kþ is mobile in the brine compared to
Cl� and therefore shows depletion in respect to sea water
(Weeks and Ackley, 1982). Sodium behaved conservatively
as observed in young natural sea ice byAddison (1977) and
Meese (1989). Samples collected in the pack ice have possibly
been subject to lower temperatures than ice formed during
the experiment, which would have potentially enabled for-
mation of, for example, the MgCl2�H2O salt (Weeks and
Ackley, 1982). That would partly explain the higher DMg

values in the natural ice samples than observed for new ice
(Table 1), as well as the somewhat higher enrichment of
Ca2þ in first-year sea-ice samples (Table 1).

Snow ice had ion/Kþ ratios closer to the parent seawater
than congelation ice (ANOVA, P > 0:05). The ion/Cl� ra-
tios were also closer to sea-water values. This was observed
for both new ice and first-year sea ice.This implies different
brine retention/rejection processes during snow-ice forma-
tion. If the underlying (congelation) ice is impermeable,
brine transport from congealed snow ice through or into
the underlying ice is limited, snow-ice formation approxi-
mates a closed system, and ion ratios are therefore un-
changed. Indeed the temperatures during new ice
formation in the topmost congelation ice are lower than
about ^1 to ^0.6‡C which is required for ice at the observed
salinities (0.6^1.0 psu) to become permeable (brine volumes
>5%) (M. Lepp�ranta andT. Manninen, unpublished in-
formation; Golden and others,1998).The major-ion concen-
trations in snow measured at coastal sites in the Bothnian
Bay (Soveri and Peltonen,1996) are so low, several orders of

Fig. 7. Plot of (a) sulfate, (b) calcium, (c) magnesium and (d) potassium vs chloride in first-year sea ice.The solid line repre-

sents the average sea-water ion (SO4
2�, Ca2þ,Mg2þ or Kþ)/chloride ratio, while dashed lines show the extreme values observed

in sea water.
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magnitude lower than in sea water, that different ion ratios
in snow in respect to seawater have a negligible effect on the
ion ratios in snow ice.

Assuming that 1m of ice would grow with the same
SO4

2�/Cl� ratio as in our observations on average, and the
rejected brine would be evenly mixed into a 5mwater layer,
that would change the ratio in thewater by around 2% from
the initial value. However, with the maximum observed
ratio in ice, the change would be 4%. The same applies
roughly for the other major ions which were observed to be
enriched (Mg2þ and Ca2þ). For Kþ the change would be
smaller and opposite in sign. This is a reasonable assump-
tion in the shallow coastal areas of the Bothnian Bay, where
land-fast sea ice covers a third of the whole basin every
winter. However, more detailed studies are needed, espe-
cially on the sea-water composition in winter, to quantify
the influence of sea-ice growth on the chemical budgets
and seasonal cycling in the area.

4.2. DOM and trace elements

Enrichment of DOC in respect to salinity was observed in
new ice, which implies that during ice formation selective
retention of DOC took place.This has been observed during
artificial sea-ice formation as well (Giannelli and others,
2001). However, the two datasets so far are very limited,
and further studies are needed to verify these findings. The
mechanism of DOC, and perhaps DOM and humic sub-
stance, enrichment in sea ice in respect to sea-water salinity
remains unknown.

The reason for the behavior of trace elements is un-
known, and clearly deserves more attention. Our results
show that these elements are not controlled by salinity
alone, not even during initial ice formation. Elevated levels
of Pb in surface parts of the ice support the observations of
Granskog andVirkanen (2001) that Pb is accumulated from
the atmosphere onto the sea ice in the Baltic Sea. However,
Al and Fe were also enriched in snow-ice layers in respect to
sea water. This can be expected based on the observed Al
and Fe levels in snow in the area (Soveri and Peltonen,
1996), and implies atmospheric input as a reason. Nedash-
kovskii (2002) observed a considerable excess of Pb and Cd
in sea ice in the Amur Bay, Sea of Japan, with enrichment
factors up to 10 and 5 for Cd and Pb, respectively. We did
not observe such enrichments in congelation ice, but rather
in snow-ice layers for Pb only (Table 2).

Relative enrichment of Fe and Al in the new ice may also
partly be related to the enrichment of DOC, since Fe and Al
are known to bond to organic matter. In view of the high
concentrations of Al and Fe, compared to those of other
tracemetals, theymay affect (decrease) the binding of other
metals to DOM as well (Tipping and others, 2002).The de-
pletion of Zn may be partly caused by its relatively low affi-
nity to DOM when salinity is increased (Lorres and
Pennock, 1998), and also gets mobile in the high-salinity
brine. However, the effect of salinity (ionic strength), pH
and DOM composition on binding of elements to DOM is
complex and poorly understood (Lorres and Pennock,
1998), especially in estuarine environments such as the Bal-
tic Sea. A detailed account of these processes is beyond the
scope of this investigation.We can only note that these may
be of importance during sea-ice formation and within the
sea-ice brine, especially in (sea) ice formed in DOM-rich
waters such as the Baltic Sea.

Whether trace elements were enriched in the first-year
sea ice in respect to salinity cannot be definitely answered.
Only Pb was clearly enriched in the ice, due to atmospheric
accumulation as noted earlier for new ice.The levels of Pb in
snow at the Bothnian Bay coast (Soveri and Peltonen,1996)
are several orders of magnitude higher than in sea water,
implying that snow-ice formation has a considerable impact
on the Pb levels in sea ice in the region, especially since
snow-ice formation is an important phenomenon in the area
(Granskog and others, 2003a). The trace-element levels in
the under-ice water varied substantially, from one first-year
sea-ice sampling location to another. With the observed
range in sea water, all elements except Pb showed both en-
richment and depletion in sea ice in respect to salinity. The
variable levels in the under-ice water imply that the pack ice
is likely to acquire a wide range of trace-element concentra-
tions during its development. This may partly explain the
large variability observed. The strong relation of Cu with
salinity in the first-year ice may be a result of lowered bind-
ing to humic substances at water salinities of 3 psu (Lorres
and Pennock, 1998), i.e. an increased amount of free Cu2þ

ions in the water.Then Cu would behave similarly to major
ions, i.e. be strongly related to salinity during ice growth.
However, the number of samples with measurable Cu levels
was limited (n ¼ 12), so these results need more data to be
verified.

Sea ice is a porous medium and therefore could show
similarities with porous soils, especially forest soils or top-
soils, where the concentration of species in solution is largely
controlled by adsorption and retention processes onto sur-
faces and especially organic matter (e.g. Evans, 1989). The
extent of retention/adsorption is, however, controlled by
several factors such as pH, ionic strength (in sea-ice brine
its salinity and composition) and organic matter content
and composition. All these factors may vary considerably
in the sea-ice brine, for example with small changes in tem-
perature.

5. CONCLUSIONS

The chemical properties of new ice formed in brackish
water with a salinity of 3 psu were investigated. Samples
were also collected from first-year sea ice with an unknown
growth and thermal history. The behavior of dissolved or-
ganic carbon (DOC), major ions and trace elements was
studied.

The ratio of major ions in the ice and parent sea water
indicate different behavior of ions during ice formation.
When compared to concentration in sea water diluted to
the same salinities, some ions such as sulfate, calcium and
magnesium are enriched in the ice, while others, like potas-
sium, are depleted. This applies to both new ice and first-
year sea ice. These observations agree well with those ex-
pected based on the sequential segregation of ions during
freezing (Malo and Baker, 1969). The observed magnesium
enrichment in the ice samples also compares with the obser-
vations of Meese (1989), who suggested that Mg2þ precipi-
tates with other salts than Cl� at higher temperatures than
shown by the phase diagram, and that a revision of the
phase diagram is in order. Most likely, however, the Mg2þ

enrichment in new ice was due to the sequential segregation
of cations (Melo and Baker, 1969), because evidence for
cryohydrate formation and brine rejection was lacking.
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Snow ice had ion ratios closer to that of the parent seawater
than congelation ice, suggesting that brine retention was
different.This canbe explained by an impermeable ice layer
beneath the congealing snow slush which inhibits brine loss,
so snow ice approximates a closed system.

DOC also becomes slightly enriched in new ice com-
pared to what would be expected from the ice salinity.This
behavior has been observed earlier during artificial sea-ice
formation, and our observations support observations of se-
lective retention of DOC during ice formation observed in
artificial sea ice (Giannelli and others, 2001). The levels of
trace elements were independent of salinity effects and also
of each other. In respect to salinity, both Al and Fe are en-
riched in the ice, while Znwas depleted.The exact mechan-
ism behind this differential behavior remains unexplained.
The Al, Fe and Pb levels in the snow-ice layers were clearly
enriched by atmospheric supply, and hence independent of
salinity. Further studies are clearly needed to study the be-
havior of trace elements during initial formation and ageing
of sea ice.

First-year sea ice showed large variability in chemical
properties, reflecting highly variable growth processes.The
statement of Anderson andJones (1985) that no typical com-
position of sea ice exists seems warranted.While the major
ions showed similar behavior in both new ice and first-year
sea ice, trace elements showedmuchmore variable behavior
in first-year sea ice. Only Pb was definitely enriched in the
surface parts of first-year ice, due to atmospheric supply.The
large variability in trace-element levels probably reflects the
fact that ice grown in the pack-ice region hadbeen subject to
a wide range of conditions, had a longer thermal history,
and perhaps that trace elements are more susceptible to
changes by secondary processes than major ions.

Chemical processes during sea-ice formation are less
known than the physical ones. Even though the impact of
sea ice on ocean chemistry has been shown to be small in
the Arctic Ocean, at least on longer time-scales (e.g. Ander-
son and Jones, 1985; Meese, 1989), the ocean chemistry may
be affected especially during the initial ice-formation pro-
cesses. During ice formation the rejected brines may influ-
ence the composition of the under-ice waters, especially in
shallow waters, such as the parts of the Bothnian Bay cov-
ered with land-fast sea ice, particularly because selective re-
tention/rejection during sea-ice growth does occur. Even
though the potential exists for sea ice to affect chemical bud-
gets and cycling (see also Granskog and Virkanen, 2001),
observations of many of the chemical species are too sparse,
sporadic and inadequate to allow any definite statement on
their behavior during sea-ice formation and ageing, and on
the subsequent impact of sea-ice formation and melt on
chemical cycling and budgets in ice-covered seas.
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