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I

Summary

This study analyses the carbonate chemistry and the precipitation of CaCO3 as ikaite
in Antarctic sea ice. Based upon these findings this study provides data on the geo-
chemical composition of sea ice brine, while at the same time supplying modelers with
the first data on the temporal and spatial occurrence of ikaite in Antarctic sea ice.
The main study area is located off Adélie Land Antarctica at S66◦ 39’ 13”, E140◦ 00’
05”. Additional samples are from the Southern Ocean between the latitude S64◦13’
and S65◦36’ and the longitude E116◦49’ and E128◦04’.
The determination of the geochemical composition of sea ice brine is based on mea-
surements of pH, total alkalinity, and calculations using different sets of dissociation
constants for carbonic acid. The results highlight difficulties of the used dissociation
constants in hypersaline solutions at subzero temperatures. Differences of more than
18 µmol/l CO2 in sea ice brine are likely to occur. Therefore it is not possible to use
the findings in this study for CO2 budget calculations in polar regions before a valid
set of dissociation constants for carbonic acid in hypersaline solutions is provided.
The amount of ikaite was determined on different spatial scales in young (≈ 3 month),
single year land-fast sea ice, and pack ice. Values up to 125 mg per liter melted sea ice
were measured. The highest concentrations were found in single-year land-fast sea ice.
A stratigraphical investigation displays an enrichment of the mineral within the top
layer of the ice. However, in lower levels the concentration of ikaite drops to less than
1 mg/liter melted sea ice. The analysis of the temporal distribution of CaCO3·6H2O
during austral spring demonstrate that the precipitation of CaCO3 is a dynamic process
affecting the carbon cycle. Unexpected findings of ikaite in Antarctic firn ice show that
the mineral seems to be transported by aeolian processes from the sea ice to Antarctic
inland.
Finally this study encourages a new determination of the dissociation constants of car-
bonic acid in hypersaline solution at subzero temperatures. Furthermore the require-
ment of a development of an appropriate method in the study of the biogeochemistry
of sea ice brine is shown revealing the importance of small-scale processes. Resulting
from the findings a further investigation of this boundary layer including the atmo-
sphere and the underlying water column is proposed.

Keywords: ikaite, carbonate chemistry, sea ice, brine, carbon cycle, Adélie Land,
Antarctica
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Chapter 1

Introduction

When astronauts observed our planet from outer space, they called it the ’blue planet’.
About 70% of the earth’s surface is covered by water. Hence, our planet should be
called ’water’ instead of earth. While there is a huge knowledge about terrestrial geo-
processes, little is known about our oceans. A common saying among scientists states
that we know more about the moon than about our oceans.
Large parts of the oceans belong to the polar regions underlying the annual growth
and decay of sea ice. During the last decades, enormous efforts have been undertaken
to study this special biome. Sea ice research spans many modern scientific disciplines
including, among others, geophysics, glaciology, geology, chemistry, biogeochemistry
and numerous branches of biology (Dieckmann and Hellmer, 2003). Sea ice is a com-
plex substratum and environment which covers over 10% of the world’s oceans at its
maximum extent. This has a major impact on the gas exchange between atmosphere
and ocean while at the same time biogeochemical processes, which occur within the sea
ice, affect diffusion and flux to both atmosphere and ocean. However, little is known
as yet about these processes and their effect on e.g. the carbon cycle.
During sea ice formation, the dissolved salts in the parent seawater mass are quan-
titatively expelled from the ice crystal matrix and become concentrated in the resid-
ual brine. The dissolved salts are trapped amongst the ice crystals, raising the ionic
strength (salinity) of the brine. Due to gravity drainage, a large part of the hyper-
saline brine escapes from the growing ice column into the underlying oceanic water
column, with the remaining brine residing in pockets and channels within the sea
ice (Eicken, 2003). This hyper-saline solution undergoes substantial changes with re-
spect to mineral-liquid thermodynamic equilibria which are influenced by salinity and
temperature of the sea ice system (Dieckmann et al., 2008). On the basis of these
thermodynamic equilibria, the precipitation of CaCO3 is expected under conditions of
natural sea ice formation (Gitterman, 1937; Anderson and Jones, 1985; Marion, 2001,

1



CHAPTER 1. INTRODUCTION 2

cited in Papadimitriou et al. (2004)) and is proposed for more than 50 years (Assur,
1958). The precipitation of CaCO3 is described by the chemical equation:

Ca 2+ + 2 HCO3
−−⇀↽−− CaCO3 + H2O + CO2 (1.1)

Though the precipitation of calcium carbonate was predicted for a long time, no
one has presented a physico-chemical support for this idea (Marion, 2001). Evidence
has only been indirect (Killawee et al., 1998; Papadimitriou et al., 2004; Tison et al.,
2002, cited in Dieckmann et al. (2008)). Dieckmann et al. (2008) were the first to
find calcium carbonate within Antarctic sea ice. They report the discovery of hydrous
calcium carbonate as ikaite crystals from the Weddell Sea and off Adélie Land. ”The
discovery of CaCO3·6H2O crystals in natural sea ice provides the necessary evidence
for the evaluation of previous assumptions and lays the foundation for further studies
to help elucidate the role of ikaite in the carbon cycle of the seasonally sea ice covered
regions” (Dieckmann et al., 2008).
The mineral is rendered a major and hitherto overlooked component of the carbon cy-
cle in the seasonal ice zone of the polar oceans and that it is a faithful recorder of key
components of the internal sea ice physical-chemical composition and processes with
far reaching implications (Kennedy and Thomas, personal commun.).
Rysgaard et al. (2007) show that brine rejection from sea ice increases the density in
the underlying water column and thereby contributes to the formation of deep and
intermediate water masses. Together with brine DIC is rejected from growing sea
ice to the underlying water column. They ascribe the high pCO2 levels found below
sea ice to possible calcium carbonate precipitation. This sea ice-driven carbon pump
affects the partial pressure of CO2 in surface water significantly in polar seas and po-
tentially sequesters large amounts of CO2 to the deep ocean. However, they encourage
an improved understanding of the process described above. Furthermore they bewail
a missing of biogeochemical studies on sea ice in terms of scaling and the range of
parameters that can be reliably measured. ”In particular, an increased effort into un-
derstanding physical chemistry at low temperatures is required as are seasonal studies
of comprehensive suites of biogeochemical parameters in both seasonal and multi-year
sea ice” (Rysgaard et al., 2007, p. 6). Also Delille et al. (2007, p. 1368) assert that
”precipitation of carbonate minerals within sea ice could drive significant CO2 uptake,
but such a phenomenon remains to be investigated and has not been systematically
observed.”
Besides its function as component in the carbon cycle, the mineral is rendered a key
role in tropospheric ozone depletion events (ODEs) at high latitudes (Sander et al.,
2006). They simulated the chemistry occurring in polar regions over recently formed
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sea ice and relate the ODE to the transformation of inert sea-salt bromide to reactive
bromine monoxide (BrO) when precipitation of calcium carbonate from freezing sea
water is taken into account. Additionally, the recent discovery of ikaite in firn ice of
the Antarctic continent, which appears to be derived from sea ice 300 km away, may
have implications as a sea ice proxy (Sala et al., 2008).
Resulting from these findings, the goal of this study is a systematical analysis of geo-
chemical parameters in sea ice focusing on carbonate chemistry on a temporal scale. As
Dieckmann et al. (2008) provide only spare data on the quantity of precipitated CaCO3

the amount of precipitated mineral will additionally be investigated on a temporal and
spatial scale.

1.1 Issue

1.1.1 Placement of this study within the fields of research of the

Alfred Wegener Institute for Polar and Marine Research

This study is integrated in the research field ”Earth and Environment” at the Helmholtz
Association, which focuses on the understanding of the fundamental functions of Sys-
tem Earth. The aim is to describe the complex changes to the earth and the environ-
ment as precisely as possible. The ”grand challenges” facing the ”Earth and Environ-
ment” research field are tackled within four programmes. One of these programmes is
the new research programme PACES which stands for ”Programme Marine, Coastal
and Polar Systems: Polar Regions and Coasts in a changing Earth System”, which is
coordinated by the Alfred Wegener Institute for Polar and Marine Research Bremer-
haven (AWI).
This programme aims at identifying the role of processes at high latitudes on past,
current and future changes of the earth system. The Polar Regions play a special role
within the earth system. The systems therein are linked by a large number of processes
and interdependencies. Each, however, poses its own very special challenge, emanating
from its unique environment and role within the Earth System, which needs to be met
individually. Therefore, this study is integrated in the sub-project WP 1.3 (A Bi-Polar
Perspective of Sea Ice - Atmosphere - Ocean - Ecosystem Interactions) within topic 1
(”The changing Arctic and Antarctic”).
This sub-project focuses on the investigation of the interaction processes between sea
ice, atmosphere, and ocean in order to help to understand the changes in Antarctic
and Arctic sea ice conditions as well as their impact on ecosystems and food webs.
Consequently, the effects of changing sea ice conditions on the sea ice ecosystem with
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emphasis on biogeochemistry, growth and production of sea ice biota, and associated
food web will be investigated as well as species diversity. The functioning of the sea
ice ecosystem is inextricably linked to the freeze and melt cycle, and to physical and
geochemical features such as ice texture, snow cover, temperature, and brine composi-
tion. These factors affect the species diversity, growth and life cycles of sea ice biota,
as well as those of associated organisms such as krill, copepods, and amphipods.
In the scope of this research, the present study investigates the geochemical feature of
brine composition. It focuses on carbonate chemistry since this is directly linked to the
CO2 cycle (Rysgaard et al., 2007). The production of carbonate minerals in sea ice rep-
resents a component of the polar carbon cycle which so far is still not quantified. Key
aspects of the dynamics of this mineral need to be studied before a true appreciation
of its role can be assessed. Therefore, this study will be the first which provides data
on a temporal scale both for carbonate chemistry in sea ice brine and precipitation of
calcium carbonate. Consequently, this study will lead to a better understanding of the
chemical constraints within sea ice affecting the growth and the production of sea ice
biota. Furthermore, the study provides data which are necessary for further research
on ocean acidification, carbon cycling, climate modeling, and an enhanced Earth Sys-
tem Model (ESM). This new ESM will be achieved within topic 4 (Synthesis) of the
research programme PACES, since present ESMs are unable to model the polar regions
with the precision required for qualified predictions.

1.1.2 Goal of this study

As described above the present study investigates the carbonate chemistry and the
occurrence of calcium carbonate within Antarctic sea ice during austral spring. These
aspects will be investigated in view of the following objectives:

• To investigate the carbonate chemistry within brine solution on a temporal scale
and to analyze uncertainties in CO2 calculations in highly saline solutions.

• To determine the quantity of CaCO3·6H2O in Antarctic sea ice

• To investigate possible temporal fluctuations of the quantity of precipitated cal-
cium carbonate during austral spring

• To investigate the small and mesoscale distribution of the mineral within the sea
ice

The resulting data will provide the required information on the geochemical com-
position of sea ice brine, and at the same time provide modelers with the first values
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on the temporal and spatial occurrence of ikaite in Antarctic sea ice. Based upon
these findings, this study will give an overview on the carbonate chemistry in brine
solution and the distribution of CaCO3 at the same temporal scale, and also identi-
fies gaps in the research on geochemical features of sea ice. This will enable future
researchers to plan their experimental set ups, and in this way it will help to improve
the understanding of the carbonate chemistry of sea ice in the polar and global carbon
cycle.

1.1.3 Structure of this study

After an introduction to the topic, the placement of this study within the research
of the Alfred Wegener Institute, and the illustration of the objectives in chapter 1,
a theoretical overview on sea ice and brine geochemistry will be given in chapter 2.
This is followed by the description of the methodology used in this study and the
presentation of the study area (Chapter 3). In chapter 4 the results will be visualized.
The complete data sets and tables can be found in the appendix on page 86. The
results will be divided into the geochemistry of sea ice and the distribution of ikaite
within sea ice. Stratigraphic distribution of ikaite in pack ice from the Southern Ocean,
as well as in land-fast ice off Adélie Land will be shown. The distribution of ikaite in
land-fast ice is presented on different spatial scales. The chapter will be completed
with an overview on the temporal and spatial distribution of ikaite in sea ice off Adélie
Land and additional measurements on sea and continental firn ice. A discussion of the
methodology and the results follows in chapter 5. While the conclusion completes the
study.

1.2 Conventions

In this study, the abbreviation DIC (dissolved inorganic carbon) is used as synonym for
the total dissolved inorganic carbon ascribed in some studies as CT or TCO2. For total
alkalinity, the abbreviation TA is used. In the literature, also AT is found. However,
according to Wolf-Gladrow et al. (2007) the present study determines the practical
alkalinity (PA). The abbreviation TA will be used as a synonym for PA in this study.
So far there is no standard spatial scale obtainable from the literature. The terms
pico-scale and nano-scale are used according to Neumeister (2007). Pico refers to the
scale smaller than 0.1m, and nano to the scale between 0.1 and 1m.



Chapter 2

Theory

2.1 Sea ice

At its maximum extent, sea ice covers about 7 per cent of the earth’s surface (Comiso,
2003), and is therefore one of the largest biomes on earth (Dieckmann and Hellmer,
2003). Sea ice is a thin boundary layer between ocean and atmosphere, which influences
and is influenced by the fluxes of heat, moisture and momentum across the ocean-
atmosphere interface. This layer has become one of the most important components in
the research on the past, present, and future climate, since it has been so far a widely
overlooked component in the carbon cycle in polar regions.
Sea ice is different to lake ice. While fresh water usually has a freezing point of 0◦C,
sea water has its freezing point at −1.86◦C, with a salinity of 34. Lake ice is very
transparent, while sea ice is opaque due to a network of brine inclusions. Both the
freezing point and the grade of transparency originate from the salinity of the natural
water from which the different types of ice arise. During sea ice formation, the dissolved
salts in the parent seawater mass are quantitatively expelled from the ice crystal matrix
and become concentrated in the residual brine which is trapped amongst the ice crystals
in small pockets and channels. This results in a milky appearance of the sea ice and a
reflection of the incoming rays which are scattered back to a large extent.
Whenever the ocean is supercooled, sea ice begins to form. There are two different
ways of sea ice formation. The grease ice pathway occurs under calm conditions and
mostly in the Arctic. In the Antarctic there is a predominance of the pancake cycle
which occurs under rough conditions. Both cycles start with frazil ice which forms due
to thermohaline mixing and wind stress. Frazil ice consists of ice crystals in the form of
needles, spicules, or platelets which are in suspension until a surface layer of ice slush
builds up. In quiescent growth, this ice is consolidated to so called ”grease ice”. Layer
upon layer is added forming nilas ice which is about 5 - 10 cm thick. The nilas ice

6
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might be rafted and develop so called finger ice. With increasing thickness the ice is
called congelation ice and finally forms a blank sheet of ice. As already mentioned, in
the Antarctic pancake ice is the predominant type of ice due to the rougher conditions.
Pancake ice forms when frazil ice consolidates and then accretes into larger patches
of ice. By rubbing against each other pancakes begin to evolve. Decimeter-sized floes
with raised edges develop. These floes congeal to larger units, developing large ice floes
or continuous sheets of ice, respectively (Eicken, 2003).
The typical stratigraphy of sea ice consists of granular ice at the top (”a few tens
of centimeters at most in the Arctic, but substantially more in other, more dynamic
environments such as the Antarctic” (Eicken, 2003)) followed by a transition zone of
granular and columnar ice, and finally pure columnar ice. Under rough conditions floes
might slide over each other, resulting in a recurrence stratigraphy. This phenomenon
can be seen regularly in pack ice where the rapid thickening of sea ice due to deformation
of the sea ice cover through rafting and ridging can be observed. On a larger scale there
is another form of sea ice besides pack ice. During cold periods such as winter, late
autumn, or early spring, land-fast-ice can be found in the polar regions, but occurs
more often in the Antarctic due to the Antarctic continent (Thomas and Dieckmann,
2003).
There are huge differences between Arctic and Antarctic sea ice. While the maximum
extent in the Antarctic is 20 per cent higher than in the Arctic, the minimum extent
is the other way around. Arctic sea ice extends the sea ice cover in the Antarctic at
the minimum extent by a factor of roughly 2.6 (Comiso, 2003). The average thickness
of sea ice amounts to about 0.5 to 0.6m in the Antarctic and several meters in the
Arctic (Wadhams, 2000, cited in Dieckmann and Hellmer (2003)), although multiyear
ice with more than 2m can be found along the southern continent. Land-fast ice
accounts for 5 per cent of the sea ice cover in the Antarctic (Fedotov et al., 1998, cited
in Dieckmann and Hellmer (2003)). Another important factor is the residence time
of sea ice according to a specific time scale. In the Antarctic this time is significantly
shorter (1-2 years) than in the Arctic (5-7 years) (Dieckmann and Hellmer, 2003).

2.2 Brine

Brine is the highly concentrated sea water retained within the sea ice body. The salt
is expelled from the ice matrix during sea ice formation and is not incorporated into
the ice matrix. Therefore, a decreasing temperature steadily raises the ionic strength
of the remaining brine. Salinity and temperature are correlated. The salinity rises
and can reach more than 100 psu at subzero temperatures. For example, in a closed
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system which originates from sea water with a salinity of 34 psu, the brine salinity
attains 87 psu at a temperature of −5◦C (Thomas and Papadimitriou, 2003). Brine
consists of different ions such as Na+, Cl – , SO 2 –

4 , H+, OH – , K+, Ca+2 , Mg+2 , HCO
–
3 ,

and CO 2 –
3 . The increasing concentration of the ions in brine solution leads to super-

saturation with respect to different ions, and this leads to the precipitation of different
salts. Anderson and Jones (1985) state that calcium carbonate is the first salt which
precipitates just below freezing point. Sodium sulphate precipitates at −8.2◦C, cal-
cium sulphate at −10◦C, and sodium chloride at −22◦C. In addition they assume, but
have not proven, that solid salts that form in sea ice are hydrates, i.e. CaCO3·6H2O,
Na2SO4·10H2O, and NaCl·2H2O. Assur (1958) proposed a phase diagram for standard
sea ice (Figure 2.1), which includes the already mentioned salts but also MgCl2·8H2O,
KCL, MgCl2·12H2O, and CaCl2·6H2O. Weeks and Ackley (1986) predict that the
latter would precipitate below −18◦C. More important is the precipitation of CaCO3

since this is directly related to the CO2 cycle. Little is known about its distribution,
the exact processes leading to its precipitation, and the fate of the crystals (Thomas
and Papadimitriou, 2003; Papadimitriou et al., 2004; Dieckmann et al., 2008).
Assur (1958) was the first to predict CaCO3 in the form of ikaite (CaCO3·6H2O) but

Figure 2.1: Phase diagram of sea ice. From Assur (1958)
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evidence of its formation in sea ice has only been indirectly obtained (Killawee et al.,
1998; Tison et al., 2002; Papadimitriou et al., 2004, cited in Dieckmann et al. (2008)).
Although Marion (2001) proposed that the CaCO3 mineral that precipitates during
seawater freezing is probably calcite and not ikaite, Dieckmann et al. (2008) were the
first to confirm ikaite in sea ice. Since calcium carbonate is assumed to play a major
role within the CO2 cycle in polar regions and has further implications (Jones and
Coote, 1981; Sander et al., 2006; Rysgaard et al., 2007; Morin et al., 2008; Sala et al.,
2008), this study focuses on the precipitation of CaCO3 and the carbonate chemistry
within sea ice. In the next section, the carbonate chemistry in highly saline solution
will be described in more detail.

2.3 Carbonate chemistry

After nitrogen and oxygen, carbon dioxide is one of the most abundant gases in the
earth’s atmosphere. Therefore, it is the second most important greenhouse gas besides
water vapour. Unlike oxygen and nitrogen, most of the carbon dioxide on earth is
dissolved in sea water (Zeebe and Wolf-Gladrow, 2001). The oceans contain sixty times
more carbon than the atmosphere and the carbonate chemistry therein determines the
partial pressure of CO2 (pCO2) of the atmosphere on long time scales (Nehrke, 2007).

2.3.1 The carbonate system

In order to understand and to calculate the carbonate chemistry within saline solutions,
it is necessary to identify the equilibria and in this was the dissociation constants that
control the carbonate system. This system contains only a few essential components,
CO2, HCO

–
3 , CO

2 –
3 , H+ 1, and OH – . If one wants to be more precise H2CO3 (true

carbonic acid) has also to be taken into account. However, the concentration of H2CO3

is much smaller than the one of CO2(aq) (. 0.3%) and thus, in the literature, the
two electrically neutral forms of H2CO3 and CO2 are denoted mostly as CO2 (Zeebe
and Wolf-Gladrow, 2001). Sometimes also H2CO

*
3 or CO2T is used. In this thesis the

notation CO2 will be used:

[CO2] = [CO2(aq)] + [H2CO3] (2.1)
1”It is safe to say that free protons do not exist in any significant amount in aqueous solutions.

Rather the proton is bonded to a water molecule thus forming an H3O
+ ion; this in turn is hydrogen

bonded to three other water molecules to form an H9O
+
4 .” (Dickson, 1984, p. 2299) ”Thus, the

symbol ’H+’ represents hydrate complexes rather than the concentration of free hydrogen ions [...] it
is however convenient to refer to [H+] as the hydrogen ion concentration.”(Zeebe and Wolf-Gladrow,
2001, p. 54)
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With the solubility coefficient of CO2 in seawater, K0, the concentration of CO2 is
given by Henry’s law, when carbon dioxide gas dissolves in water (Nehrke, 2007; Zeebe
and Wolf-Gladrow, 2001).

CO2(g)
K0−−⇀↽−− CO2 (2.2)

By focusing on the equilibrium and not on reaction pathways, the hydroxylation

CO2 + OH− −−⇀↽−− HCO−3 (2.3)

can be neglected and the relation of the carbonate species in water can be shown as
the following equilibrium (Zeebe and Wolf-Gladrow, 2001):

CO2(aq) + H2O −−⇀↽−− H2CO3
−−⇀↽−− HCO−3 + H+ −−⇀↽−− CO 2−

3 + 2 H+ (2.4)

The hydration of CO2 is described by the first dissociation constant (K1) and the
following dissociation of bicarbonate is given by the second dissociation constant (K2)
of carbonic acid. Related to concentrations (see equations 2.8 and 2.11 on page 15),
the stoichiometric equilibrium constants K1 and K2 are used to describe the carbonate
system in water.

CO2 + H2O
K1−−⇀↽−− HCO−3 + H+ (2.5)

HCO−3
K2−−⇀↽−− H+ + CO 2−

3 (2.6)

Since this system is an aqueous one, the dissociation of water has also to be taken into
account (Nehrke, 2007).

H2O
KW−−⇀↽−− H+ + OH− (2.7)

2.3.2 Equilibrium constants of the carbonate system in seawa-

ter

Like other authors (Millero, 1979; Dickson and Millero, 1987; Goyet and Poisson, 1989;
Dickson, 1990; Millero et al., 1993; Roy et al., 1993; DOE, 1994; Lee et al., 2000;
Lueker et al., 2000; Zeebe and Wolf-Gladrow, 2001; Mojica-Prieto and Millero, 2002;
Millero et al., 2002, 2006) Wanninkhof et al. (1999, p.291) identify various independent
determinations of the dissociation constants of carbonic acid and assert that ”these
results have been corrected, refit, and combined by others creating a virtual cottage
industry of laboratory and field verification, and cross checks.” Therefore, it is difficult
to assess the proper constants that should be used for this special issue of determina-
tion of the carbonate system within hypersaline solutions. Dissociation constants for
carbonic acid in sea water have been determined over the last seventy-six years. The
first has been Buch et al. (1932), followed by Lyman (1956). Both were reviewed by



CHAPTER 2. THEORY 11

Mehrbach et al. (1973) and Hansson (1973a). Furthermore the latter have determined
K1 and K2 again. While Hansson (1973a) used artificial seawater to determine the
equilibrium constants for carbonic acid, Mehrbach et al. (1973) used natural seawa-
ter for their measurements. Another discrepancy are the pH scales used by different
authors. Table 2.1 on the next page shows the used type of seawater and pH scales.
Hansson (1973b) has been the first introducing a new pH scale in marine carbonate
chemistry. Since Hansson (1973a) and Mehrbach et al. (1973) used different pH scales,
Dickson and Millero (1987) refitted both determinations of the dissociation constants
to pHSWS (seawater scale) to allow a comparison between those sets of constants . In
addition they proposed new equations for the corrected pK1 and pK2. However, they
do not clearly prefer a set of constants. The U.S. Department of Energy (DOE) rec-
ommended the dissociation constants based on Roy et al. (1993). Whereas Lee et al.
(2000) and Lueker et al. (2000) come to the conclusion that the constants of Mehrbach
et al. (1973) as refitted by Dickson and Millero (1987) do the best job. Also Zeebe and
Wolf-Gladrow (2001) noted that Mehrbach constants do a good job in field studies as
they have been determined in natural seawater. The latest work has been published by
Millero et al. (2006) claiming their equations to be valid from S = 0 to 50 and T = 0

to 50◦C for most estuarine and marine waters. It has to be pointed out, that their
equations for determining pK1 and pK2 are based on 466 (for pK1) and 458 (for pK2)
values, respectively. Earlier works from other authors base on much less samples and a
smaller salinity range (see table 2.1 on the following page). Furthermore Millero et al.
(2006) assume that seawater is diluted with pure water. All determinations of the first
and the second dissociation constant mentioned above, have been done in natural or
artificial seawater, respectively. However, there is no work at all where those constants
have been determined in hyper saline solutions (35 ≤ S ≤ 120) at subzero temper-
atures. Only a validation of pK1 and pK2 at subzero temperatures has been done
(Marion, 2001; Millero et al., 2002, cited in Delille et al. (2007)). Thus, no validation
exists for high salinities. If one calculates pK1 and pK2 at a given temperature as a
function of salinity the values of the constants vary strongly among different authors.
The values have been plotted in figure 2.2 and 2.3 where the differences, especially for
the constants of Millero et al. (2006), are clearly shown (corresponding equations are
given in table 2.1). The values of pK1 according to the equations of Hansson (1973a),
Dickson and Millero (1987), Goyet and Poisson (1989), and Roy et al. (1993) are very
similar. Whereas the values of Mehrbach et al. (1973) and Millero et al. (2006) differ
considerable with increasing salinity.
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The same is noted for pK2, except for the values of Mehrbach et al. (1973) as they
now draw near the majority. One might tend to ignore the set of constants of Millero
et al. (2006) since they show a huge variation compared to the constants of all other
authors. On the other hand the effect of salinity on the dissociation constants of
carbonic acid are described in the literature as increase of the pK values if there is
a decrease of salinity (Zeebe and Wolf-Gladrow, 2001). Regarding this statement, all
other constants have to be used carefully in hyper saline solutions since their pK values
reincrease at a salinity of about 50.
In the recent literature very few studies have been carried out on the geochemistry

Figure 2.2: pK1 as function of salinity (T = 271, 15K)

of brine in sea ice. Anderson and Jones (1985) and Rysgaard et al. (2007) have done
different measurements on bulk sea ice. Whereas Gleitz et al. (1995) followed by Delille
et al. (2007) and Papadimitriou et al. (2007) have done direct measurements on brine in
sea ice. To calculate the concentration of the different species in the carbonate system
they used different sets of dissociation constants for carbonic acid. Gleitz et al. (1995)
used a modified computer program developed by Campbell et al. (1993), where they
applied pK1 and pK2 based on Roy et al. (1993). The constants based on Dickson and
Millero (1987) were used by Delille et al. (2007), whereas Papadimitriou et al. (2007)
used the most recent determination of pK1 and pK2 at this time from Mojica-Prieto
and Millero (2002). Thus, there is no clear choice of the dissociation constants for
carbonic acid in seawater for the investigation of geochemistry of sea ice. Based on



CHAPTER 2. THEORY 14

Figure 2.3: pK2 as function of salinity (T = 271, 15K)

the recommendation of Lee et al. (2000), Lueker et al. (2000), and Zeebe and Wolf-
Gladrow (2001), it has been decided to use the dissociation constants for carbonic
acid in seawater from Dickson and Millero (1987) in this study. Since Delille et al.
(2007) have carried out their study at the same location as this study, while using
the dissociation constants of Dickson and Millero (1987), it is possible to compare the
data obtained in those studies. Due to uncertainties in the literature in the choice of
the proper equilibrium constants for carbonic acid when determining the carbonate
chemistry in sea ice brine an additional set of constants should be used. Since Millero
et al. (2006) based their determination of pK1 and pK2 on much more measurements
than others and only their pK’s drop with an increase of salinity as described by Zeebe
and Wolf-Gladrow (2001), this set of constants will be used as well. Therefore pK1 and
pK2 are given by the following equations:

The equilibrium constant for equation 2.5

K1 = [H+][HCO−3 ]/[CO ∗2 ] (2.8)

is given by Mehrbach et al. (1973) as refitted by Dickson and Millero (1987); pHSWS,
mol·kg-soln−1

pK1 = 3670.7/T − 62.008 + 9.7944 lnT − 0.0118S + 0.000116S2 (2.9)

Check value: pK1 = 5.83723 at S = 35, T = 298.15K
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and by Millero et al. (2006)

pK1 = 13.4191S0.5 + 0.0331S − 5, 33 · 10−5S2 + (−530.123S0.5 − 6.103S)/T

−2.06950S0.5 lnT + (−126.34048 + 6320.813/T + 19.568224 lnT )

(2.10)
Check value: pK1 = 5.84014 at S = 35, T = 298.15K

For equation 2.6 the equilibrium constant

K2 = [H+][CO 2−
3 ]/[HCO−3 ] (2.11)

is given by Mehrbach et al. (1973) as refitted by Dickson and Millero (1987); pHSWS,
mol·kg-soln−1

pK2 = 1394.7/T + 4.777− 0.0184S + 0.000118S2 (2.12)

Check value: pK2 = 8.9554 at S = 35, T = 298.15K

and by Millero et al. (2006)

pK2 = 21.0894S0.5 + 0.1248S − 3.687 · 10−4S2

+(−772.483S0.5 − 20.051S)/T − 3.336S0.5 lnT
(2.13)

Check value: pK2 = 8.9636 at S = 35, T = 298.15K

To calculate the concentration of CO2 from TA and pH in the carbonate system in
seawater according to the equations in section 2.3.6 there are another three essential
equilibrium constants. These constant are K0 (solubility coefficient of CO2), KB (dis-
sociation constant of boric acid), and KW (ion product of water). Additionally the
total boron concentration (Bt) is needed.

The solubility coefficient of CO2

K0 = [CO ∗2 ]/f(CO2) (2.14)

is given by the expression (DOE, 1994, and references therein)

lnK0 = 93.4517

(
100

T/K

)
− 60.2409 + 23.3585 ln

(
T/K

100

)
+S

(
0.023517− 0.023656

(
T/K

100

)
+ 0.0047036

(
T/K

100

)2
) (2.15)

k◦ = 1 mol · kg-soln−1

Check values: lnK0 = −3.5617 at S = 35 and t = 25◦ C (298.15K)
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The dissociation of boric acid is described by

B(OH)3 + H2O = H+ + B(OH)−4 (2.16)

with the dissociation constant

KB = [H+][B(OH)−4 ]/[B(OH)3] (2.17)

Based on Dickson (1990) and recommend by DOE (1994) and Zeebe and Wolf-Gladrow
(2001) the constant is given by the expression:

lnKB =
(
−8966.90− 2890.53S1/2 − 77.942S + 1.728S3/2 − 0.0996S2

)
/T

+148.0248 + 137.1942S1/2 + 1.62142S

−
(
24.4344 + 25.085S1/2 + 0.2474S

)
lnT + 0.053105S1/2T

(2.18)

BT is the total boron concentration and is related to salinity in seawater by:

BT (mol(kg − soln))−1) = [B(OH)3] + [B(OH)−4 ] (2.19)

= 4.16 · 10−4 S

35
(2.20)

(DOE, 1994)

Millero (1995) define the ion product of water KW by

lnKW = 148.9802− 13847.26/T − 23.6521 lnT

+ (118.67/T − 5977 + 1.0495 lnT )S1/2 − 0.01615S
(2.21)

2.3.3 pH scales

”The field of pH scales and the study of proton transfer reactions in sea water is one
of the more confused areas of marine chemistry.” (Dickson, 1984, p. 2299) Therefore
this section gives a short overview over the pH scales used in oceanography. In the
literature and as seen in section 2.3.2 different pH-scales are in use in marine chemistry:
The NBS Scale, the pH(SWS)scale, the total scale and the free scale (Dickson, 1984;
Wedborg et al., 1999; Zeebe and Wolf-Gladrow, 2001).
The common definition of pH (lat.: potentia hydrogenii) is the negative common loga-
rithm of the concentration of hydrogen ions (Sørensen, 1909, cited in Zeebe and Wolf-
Gladrow (2001)). This is a simple definition, but does not reflect the reality. As already
mentioned in section 2.3.1 there are no free protons in any significant amount in aque-
ous solutions. Bonded to a water molecule the proton forms an H3O

+ ion, which itself is
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Table 2.2: The pH scales and the differences between them (Zeebe and Wolf-Gladrow,
2001)

pH scale applicable in reference state difference to free
scale∗

pHNBS freshwater pure water
pHF seawater artificial seawater
pHT seawater artificial seawater ≈ 0.11

pHSWS seawater artificial seawater ≈ 0.12

∗ At S = 35, T = 25◦C

bonded to three other water molecules forming an H9O
+
4 ion. However it is convenient

and thermodynamically correct to refer to [H+] as the hydrogen ion concentration. In
the traditional choice in solution chemistry the pH is defined from the activity of the
hydrogen ion as

pH = − log aH+ (2.22)

It has to be mentioned, that measuring pH as defined in equation 2.22 is not possible,
as individual ion activities cannot be measured experimentally. Therefore and recom-
mended by NBS 2 (National Bureau of Standards) and IUPAC (International Union
of Pure and Applied Chemistry) an operational definition of the pH scale has been
introduced. This scale is referred in the literature as pHNBS or NBS pH scale and is
defined by a series of standard buffers whose values are close to the best estimates of
− log aH+ (Grasshoff et al., 2002).

When pH is measured in seawater the different ionic strengths have to be considered.
Due to the differences in ionic strength (≈ 0.1 for NBS standard buffer solutions and
≈ 0.7 for seawater) when using NBS buffers in pH measurements in seawater an error
larger than the desired accuracy of 0.01 - 0.001 pH units may occur (Wedborg et al.,
1999, cited in Zeebe and Wolf-Gladrow (2001)). To improve pH measurements in a
saline medium Hansson (1973b) introduced a new pH scale, called the ’total scale’
3 and therefore a new set of standard buffers were adopted. This new definition of
the pHT contains sulphate ions (see equation 2.25). Hansson (1973b) ”proposed a
fluoride-free synthetic seawater as the standard state, since fluoride is only a minor

2now NIST (National Institute of Standards and Technology)
3Hansson (1973a) defined his pH scale as seawater scale. In this work his pH scale is described

after Zeebe and Wolf-Gladrow (2001) as total scale as his medium did not contain fluoride ions and
therefore the protonation of F – is not taken into account.
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component of seawater.” (Wedborg et al., 1999, p. 112) However, in recent literature
another pH scale is widely used, the seawater scale (pHSWS). Suggested by Dickson
and Riley (1979), Dickson (1984) and Dickson and Millero (1987) the protonation of
F – ions is also taken into account (see equation 2.26). As it can be seen in table 2.2
the difference between pHT and pHSWS is small, because the concentration of HF in
seawater is small. For completeness the free scale (pHF ) has also to be mentioned.
Conceptually this scale is the clearest using the concentration of free hydrogen ions.
However, [H+]F has to be calculated according to equation 2.23:

[H+]F = [H+]T − [HSO−4 ] (2.23)

because only [H+]T can be determined analytically. Therefore the concentration of
HSO –

4 has to be determined which is not a simple task (Zeebe and Wolf-Gladrow,
2001).

pHF = − log [H+]F (2.24)

pHT = − log
(
[H+]F + [HSO−4 ]

)
= − log [H+]T (2.25)

pHSWS = − log
(
[H+]F + [HSO−4 ] + [HF]

)
= − log [H+]SWS (2.26)

Readers with interest in more detail in pH in seawater see Hansson (1973b), Culberson
and Pytkowicz (1973), Dickson and Riley (1979), Dickson (1984), Dickson and Millero
(1987), Del Valls and Dickson (1998), Zeebe and Wolf-Gladrow (2001), and Grasshoff
et al. (2002).

2.3.4 Conversion between pHNBS and pHSWS

During the expedition pH was measured using standard NIST buffers (see section
3.2.5). Since most of the equilibrium constants of the carbonate system are determined
using the seawater scale (see section 2.3.2) the obtained pH values have to be converted
from pHNBS to pHSWS to get accurate results when using the equations in section 2.3.6.
The two pH scales are related by the expression:

10−pH(NBS) = fH [H]sws (2.27)

where fH is the total hydrogen ion activity coefficient (Culberson and Pytkowicz, 1973,
cited in Dickson and Millero (1987)). Dickson and Millero (1987) obtained fH by inter-
polating the experimental data of Mehrbach et al. (1973) using a quadratic function of
salinity. Due to measurements of subzero temperatures, this study determines fH as a
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function of salinity and temperatures according to the experimental data of Mehrbach
et al. (1973) using the following equation:

fH = 1.8460− 0.0042 (T + 273.15) + 0.0031S (2.28)

(Wolf-Gladrow, 2008, personal comm.)

2.3.5 Total alkalinity and DIC

Total alkalinity (TA) and dissolved inorganic carbon (DIC = [CO2]+[HCO−3 ]+[CO 2−
3 ])

are closely linked. The alkaline characteristics and the large amount of DIC in seawater
are already known since the 19th century. Due to a higher alkalinity of seawater
with respect to freshwater the DIC content is also higher in seawater (Wolf-Gladrow
et al., 2007). If TA and DIC are given, one can calculate, together with salinity and
temperature, all other quantities of the carbonate system. Alkalinity itself is ”one of
the most central but perhaps not the best understood concept in aquatic chemistry”
(Morel and Hering, 1993, cited in Zeebe and Wolf-Gladrow (2001)). A good overview
is given by Dickson (1981); Zeebe and Wolf-Gladrow (2001) and Wolf-Gladrow et al.
(2007). Dickson defines the total alkalinity of a natural water ”as the number of moles
of hydrogen ion equivalent to the excess of proton acceptors (bases formed from weak
acids with a dissociation constant K ≤ 10−4.5 at 25◦C and zero ionic strength) over
proton donors (acids with K > 10−4.5) in one kilogram of sample” (DOE, 1994). The
expression for this definition is:

TA = [HCO−3 ] + 2[CO 2−
3 ] + [B(OH)−4 ] + [OH−]

+[HPO 2−
4 ] + 2[PO 3−

4 ] + [H3SiO−4 ]

+[NH3] + [HS−]− [H+]F − [HSO−4 ]− [HF]− [H3PO4]

(2.29)

However, seawater is more complicated, since it contains many more ions and a number
of weak acids. From a geochemical point of view Zeebe and Wolf-Gladrow (2001) show
that alkalinity is closely related to the charge balance in seawater. This comes from
a small excess charge of the conservative cations over anions 4. This small excess is
mainly balanced by [HCO –

3 ], [CO 2 –
3 ], and [B(OH) –

4 ]. Therefore these components

4”Ions such as Na+, K+, Ca+2 , Mg+2 , Cl
– , SO 2 –

4 , and NO –
3 can be regarded as ’conservative’ in the

sense that their concentrations are unaffected by changes in pH, pressure, or temperature (within the
ranges normally encountered near the earth’s surface and assuming no precipitation or dissolution of
solid phases, or biological transformations).”(Drever, 1982, cited in Zeebe and Wolf-Gladrow (2001):
p. 29)
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Table 2.3: The six variables of the CO3-system (Zeebe and Wolf-Gladrow, 2001)

Variable Remarks

1 [H+]=: h alternatively: [OH – ]
2 [CO2]=: s
3 [HCO –

3 ]
4 [CO 2 –

3 ]
5 TA =[HCO –

3 ]+2 [CO 2 –
3 ]+[B(OH) –

4 ]+[OH – ]-[H+]
6 DIC

represents the most important contribution to TA. Derived from this fact the following
equation can be written:

∑
conservative cations−

∑
conservative anions

= [HCO−3 ] + 2[CO 2−
3 ] + [B(OH)−4 ] + [OH−]− [H+]

± minor compounds

(2.30)

Neglecting the term ’minor compounds’ this expression is very similar to practical
alkalinity (PA) given by Zeebe and Wolf-Gladrow (2001), which gives a very good
approximation for alkalinity of natural seawater for almost all practical purposes at
pH values above 8. In this study all calculations will be done by using the practical
alkalinity.

PA = [HCO−3 ] + 2[CO 2−
3 ] + [B(OH)−4 ] + [OH−] (2.31)

The typical value for alkalinity in seawater is 2.2mmol·kg−1 but varies with salinity.
Therefore one can find in hyper saline solutions alkalinity values with more than 5.5
mmol · kg−1 (see section 4.2) or even above (Gleitz et al., 1995). Additional changes in
alkalinity are due to precipitation or dissolution of calcium carbonate. Where alkalinity
decreases by two moles when one mole of CaCO3 precipitates (Wolf-Gladrow et al.,
2007). Other processes which influence the alkalinity are the uptake of nitrate (NO –

3 )
by algae and remineralization of algae material (Zeebe and Wolf-Gladrow, 2001).

2.3.6 From TA and pH to CO2, HCO–
3 , CO

2–
3 , and DIC

Zeebe and Wolf-Gladrow (2001) consider six variables in the carbonate system (see
table 2.3). If any two variables are given, it is possible to calculate all other variables.
During this expedition total alkalinity (TA) and pH were measured. Therefore carbon
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dioxide, bicarbonate, carbonate, and dissolved inorganic carbon have to be calculated,
using following equations (Zeebe and Wolf-Gladrow, 2001, and references therein):

s =

(
TA− K∗BBt

K∗B + h
− K∗W

h
+ h

)
/

(
K∗1
h

+ 2
K∗1K

∗
2

h2

)
(2.32)

DIC = s

(
1 +

K∗1
h

+
K∗1K

∗
2

h2

)
(2.33)

[HCO3−] = DIC/

(
1 +

h

K∗1
+
K∗2
h

)
(2.34)

[CO 2
3−] = DIC/

(
1 +

h

K∗2
+

h2

K∗1K
∗
2

)
(2.35)

where s = [CO2], TA = total alkalinity, h = [H+], K∗B = equilibrium constant for the
dissociation of B(OH)3, Bt = total boron concentration, KW = ion product of water,
DIC = dissolved inorganic carbon, K1 and K2 = the first and second dissociation
constant of carbonic acid

2.4 The polymorphs of CaCO3

Calcium carbonate (CaCO3) can be found nearly everywhere in soils, rocks, sediments
and oceans (Pauly, 1963; Buchardt, 1997; Nehrke, 2007; Dieckmann et al., 2008). In
general, the precipitation of CaCO3 is written as:

CaCO3(solid) −−⇀↽−− Ca+
2 + CO−3 (2.36)

While calcite is the dominant polymorph of calcium carbonate on earth, another five
can occur: Vaterite, Aragonite, armorphous carbonate (ACC), monohydrate calcium
carbonate (MCC), and hexahydrate calcium carbonate (HCC) (mineral name ikaite).
The latter three are hydrated polymorphs, whereas Vaterite and Aragonite are anhy-
drous crystalline polymorphs. Interested readers are referred to Nehrke (2007). This
study will focus on the hydrated phase of CaCO3, the mineral ikaite.
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Figure 2.4: Ion pair (Ca+2 CO
2 –
3 ) and hydration cage. Part of the crystal structure of

ikaite. Ca (blue) is in dodecahedral coordination with O atoms (red) of the carbonate
(black planar) and water molecules, while hydrogen bonds (dotted) exists between
H-atoms (yellow) of the water molecules and the O-atoms of the carbonate ion.

2.5 The mineral ikaite and its natural abundance

Known from laboratory experiments (Johnston et al., 1916, cited in Nehrke (2007)),
the CaCO3 polymorph hexahydrate calcium carbonate (HCC) (CaCO3·6H2O) was first
reported in natural environment by Pauly (1963). The mineral is named after the Ikka
Fjord in southwest Greenland as ikaite, where it first was found. Other occurrences
are reported in organic-rich sediments in the Brainsfield Strait, Antarctica, in Nankai
Trough, in a deep-sea fan in Zaire, in Barrow, Arctic Alaska and the Laptev sea (Suess
et al., 1982; Stein and Smith, 1986; Jansen et al., 1987; Kennedy et al., 1987, cited in
Buchardt et al. (2001)). Furthermore ikaite has been reported in Mono Lake, Califor-
nia, from cold water springs, Hokkaido, Japan (Bischoff et al., 1993b; Ito, 1996, 1998,
cited in burchardt2001) and from Expedition Fiord, Canadian High Arctic (Omelon
et al., 2001). The most recent occurrence has been reported by Dieckmann et al. (2008)
in Antarctic sea ice in the Weddell Sea and throughout fast ice off Adélie Land, Antarc-
tica.
Ikaite is a hydrate of calcium carbonate, where one CaCO3 molecule is bonded to six
water molecules (see figure 2.4). However, the calcium ion is bonded more closely to
the six water molecules than to the CO 2 –

3 ion. Dickens and Brown (1970) determined
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Figure 2.5: Ikaite crystals from tufa columns collected in Ikka Fjord. A) Micrograph of
frozen ikaite (∼140◦C) in the cryo-SEM. The photo illustrates nonrecrystallized ikaite
crystals with mucilaginous biofilm (b) embedding the crystals. These membranes are
suggested to seal the ikaite crystals from the aggressive seawater environment, where
ikaite is strongly undersaturated. Photo by O.B. Lyshede. B) Micrograph of a freeze-
dried crystal. Freeze drying results in recrystallization of ikaite to calcite but retains
the morphology of the original crystals. Photo by B. Buchardt. (Buchardt et al., 2001)

a monoclinic crystal structure. Ikaite has a density of only 1.8 g/cm3 (Marland, 1975,
cited in Bischoff et al. (1993a)). In the literature different descriptions of the crystal
structure are provided, depending on the environment, where they were found. Dieck-
mann et al. (2008) describes beside the idiomorphic shape also shapes constrained by
the size of brine pockets and brine channels within sea ice. All of the reported occur-
rences appear to be anoxic and at low temperatures. Ikaite is a metastable polymorph
as it only exists at low temperatures (T < 5◦C) (Dieckmann et al., 2008) or high pres-
sures (Van Valkenburg et al., 1971). As soon as the mineral is exposed to temperatures
above 5◦C at atmospheric pressure it decomposes to calcite or Vaterite (Bischoff et al.,
1993b). For more details readers are referred to Pauly (1963); Dickens and Brown
(1970); Marland (1975); Bischoff et al. (1993a,b); Buchardt (1997); Buchardt et al.
(2001); Omelon et al. (2001); Swainson and Hammond (2001); Rickaby et al. (2006);
Dieckmann et al. (2008).
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Figure 2.6: Ikaite from Antarctic sea ice (Dieckmann, unpublished data)



Chapter 3

Methodology and study area

3.1 Study area

The first occurrence of CaCO3 crystals was reported from East Antarctica off Adélie
Land. The second report and at the same time the first evidence of ikaite (CaCO3·6H2O)
has been reported from sea ice from the Weddel Sea, Antarctica in 2006. The first re-
port of CaCO3 was probably ikaite as well, since some of the crystals had the typical
hexagonal and idiomorphic shape of the mineral found in the Weddell Sea. Due to
incorrect handling and because ikaite is only stable up to 4◦C, these crystals could not
be investigated further (Dieckmann et al., 2008). Therefore this expedition was carried
out in East Antarctica off Adélie Land again, to investigate if the mineral exists here,
and if it does, to determine its mineralogy, its quantity and further chemical properties
of the environment in which the mineral occurs.
Antarctica is a continent surrounded by the southern ocean. During winter the ocean
is covered with sea ice up to an extent of 19 · 106 km2 (Blümel, 1999), while in summer
the minimum extent is reached with 3.6 · 106 km2 (Comiso, 2003). Sea ice has a mean
thickness of 0.5 to 0.6m (Wadhams, 2000) and ranges in extent from 55◦S to 75◦S
(Eicken, 2003). The study area is off Adélie Land which is located in East Antarctica
between 136◦E and 142◦E (see figure 3.1 on the following page). The area was chosen
due to the accessibility near the french research station Dumont d’Urville. The exact
coordinates are S66◦ 39’ 13” E140◦ 00’ 05”.

3.1.1 Climate

Antarctica and therefore the study site is located in a polar climate. According to
the climate classification from Köppen this region belongs to group E, which is char-

25



Figure 3.1: Map Antarctic Ocean - Terre Adélie, Archipel de pointe géologie
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Figure 3.2: Average maximum temperatures at Dumont d’Urville (1956 - 2002) Source:
IPEV, Base Dumont d’Urville

acterized by average temperatures below 10◦C (50◦F) in all twelve months of the year
(Blümel, 1999). Since this definition fits for a wide range of polar regions, a more
detailed view on the climate at the research station Dumont d’Urville will be given.
There are no typical seasons in the sense of temperature, however there are at least
seven months when temperatures do not rise above −10◦C. From October the tem-
peratures start to rise to a maximum in December and January when temperatures
above zero are possible. Data about precipitation are rare. Data of an exact amount of
precipitation do not exist, only data of the duration of precipitation events are avail-
able (see figure 3.3 on the next page). Even though it is not possible to quantify the
precipitation, one can say that there is an increase starting in June with a maximum
in July/August followed by a minimum in November.
The seasons are determined by the available light. Since Dumont d’Urville is located
almost at the southern polar circle, there is one day with nearly exact 24 hours of light
(winter solstice) and one in the year with 24 hours of darkness (summer solstice). An-
other important factor is the wind. The highest wind speed ever measured at Dumont
d’Urville was in June 1972 with a speed of 90 m/s. Due to the high elevation and the
profile of the continent, the dominant wind system are catabatic winds. These winds
are extremely cold and constitute heavy air masses which result from the high radiation
above the Antarctic continent. Following the relief they form fall winds. These winds
are important, since they stress the sea ice cover around Antarctica (Blümel, 1999).
A recent example happened in the beginning of august 2007 when huge parts of the
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Figure 3.3: Average duration of precipitation in hours at Dumont d’Urville (1956-2002)
Source: IPEV, Base Dumont d’Urville

sea ice cover off Adélie Land broke apart leading to open water (Jaquet, 2007, per-
sonal comm.). Two components played a major role. On the one hand, the already
mentioned wind with a maximum up to 158 km/h and an average speed of 104 km/h
in the first days of August and on the other hand at the same time an increase of
the temperatures to a maximum of −1.9◦C on 3rd August. After this event a new
cover of sea ice started to develop straight away, since the temperatures dropped fast
below −10◦C and even further down below −25◦C with a minimum of −29, 2◦C just
a few days after the break up. Therefore, the average temperature for August was
−14.2◦C despite the warm temperatures of the first few days. In September the aver-
age temperature reached approximately the same value with −14.3◦C, but without any
significant events. The following October was slightly warmer with −10.5◦C but with
increasing temperatures at the end of the month when values were around −5◦C. This
trend continued in November when even positive temperatures were observed around
the 10th and the 27th. This resulted in an average temperature of −3.8◦C. During
the last days of measurements in December the temperature was approximately the
same as in November but with an increasing tendency. After the event in August the
wind had no significance for the sea ice cover from September to December. A tabular
overview about the meteorological data for the sampling period is given in appendix
A. For more detail about meteorological data during the sampling period see section
4.1.
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Table 3.1: Ice thickness of land fast ice at the beginning of austral spring near Dumont
d’Urville on 11/07/2007

Position Ice depth Snow depth Freeboard

S66 39’ 13.2” E140 00’ 07.7” 72 0 8
S66 39’ 10.1” E140 00’ 03.4” 74 1 7
S66 38’ 59.1” E139 59’ 48.3” 64 5 5
S66 38’ 45.1” E139 59’ 27.3” 75 15 2
S66 38’ 31.2” E139 59’ 07.1” 60 9 3
S66 38’ 17.8” E139 58’ 48.5” 56 14 0
S66 38’ 03.7” E139 58’ 29.4” 53 9 5
S66 37’ 48.0” E139 58’ 12.0” 62 10 4
S66 37’ 33.2” E139 57’ 55.8” 67 0 5
N/A 58 11 2
S66 37’ 03.5” E139 57’ 22.3” 68 2 5
S66 36’ 48.8” E139 57’ 05.8” 70 10 3

* all values are in cm

3.1.2 Sea ice cover

The typical ice cover in the Géologie Archipelago, Adélie Land, Antarctica is a solid
and homogeneous layer of land-fast ice which forms in March/April and lasts until
December. The sea ice reaches a thickness of more than one meter (Delille et al.,
2007). Multi-year ice is likely to occur in some places near the coast. Due to ice break
up in August 2007 (see section above) the ice was only able to regrow to a thickness
of ca. 70 cm by October. Therefore the ice was only 3 months old at the beginning
of the sampling period. This young ice was a homogeneous layer of land-fast ice, as it
typically develops in this region. At the beginning of the sampling period the sea ice
was stable but at the end of November the ice was getting thinner. Due to this event,
sampling was stopped when the sea ice thickness was less than 40cm, since inferences
from the underlying sea water were likely to occur.
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3.2 Methodology during the expedition in Terre Adélie

3.2.1 Sampling

During this expedition several sampling techniques were applied. These methods have
been described by Horner et al. (1992), Thomas and Papadimitriou (2003), and Dieck-
mann et al. (2008). The sampling was carried out during austral spring from early
November until mid December 2007 in the Géologie Archipelago, Adélie Land, Antarc-
tica. First of all, the ice thickness was measured on a transect of 5 km (see table 3.1) to
ensure a safe activity area and to find a suitable site for sampling. The chosen sampling
site is close to the described station C from Delille et al. (2007) at S66 39’ 13” E140 00’
05” and was accessible by foot and surface vehicles. All samples were taken on an area
of 10 x 10 m2 to minimize bias from spatial heterogeneity. Depending on the weather
conditions, especially wind, samples were taken every two or three days. The sampled
sea ice was only three month old. Usually this area is covered by a homogeneous solid
layer of land fast ice from March/April to December (Delille et al., 2007). Due to
heavy storms there has been a temporary ice break up in august, during the Antarctic
winter in 2007, leading to an open sea. After that period sea ice restarted to grow to
a thickness of approximately 70 cm(Anne Jacquet, personal commun.). Delille et al.
(2007) reported an ice thickness at their station C of 133 cm to 153 cm.

Figure 3.4: 9 cm diameter corer (Photo: Camille Fresser)

At each sampling day two complete ice cores were taken, using an ice corer (see
figure 3.4) with a diameter of 9 cm, operated by a cordless electric drill. Both ice cores
were then placed in an insulated PVC tube for further processing. The first core was
used to determine a temperature profile by inserting a digital thermometer at 5 cm
intervals in predrilled holes. While the other core was cut into segments of 10 cm and
each piece was then placed into a container for transport to the laboratory where they
were stored at -20◦C. For reference purposes and to exclude the possibility of CaCO3 in
Antarctic glacier ice, two ice cores were taken on the continent near the logistic station
Prud’ Homme. The ice cores were one meter long.
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3.2.2 Sackhole method

As mentioned in section 2.2 the brine is the interesting part of the sea ice where the
geochemistry takes place. The difficulty is to extract the brine from the crystal sea
ice matrix for further analyses. There are two different methods for brine sampling
described in the literature. The first is using a refrigerated centrifuge. An intact
ice core section is centrifuged. Although some of the ions remain in the ice, the so
sampled brine retains the salinity, at temperature sampled. This method is very time
consuming and material intensive (Horner et al., 1992). Another problem is the ice core
sampling for the centrifuge. During this sampling some of the brine may be lost due
to drainage from the ice core. The most often applied method is the sackhole method
(Gleitz et al., 1995; Papadimitriou et al., 2004, 2007; Delille et al., 2007), which was
used during this study as well. The sackhole method is an easily adoptable method for
brine sampling. For this purpose an icecorer with a typical diameter of 9 cm is used to
drill holes into the sea ice to a depth between 7 and 50 cm. There is no standard depth
in the literature, and depth chosen depends on ice thickness and purpose of sample.
However, most important is not to drill through the sea ice to the underlying water
column and to ensure that the obtained hole has a dead end and there is no interference
by seawater from the underlying water column due to the pressure head. During this
study, three sackholes (to ensure a basic statistical security) were drilled into the ice
to a depth of 30 cm at each sampling day (see figure 3.7b). The corer has been marked
at 30 cm to guarantee a uniform depth for each sackhole. The obtained cores (figure
3.7a) from each sackhole were placed into separate clean plastic containers, marked and
stored at -20◦C. The sackholes were covered with plastic lids, while brine was allowed
to accumulate into the holes (figure 3.7c). As soon as enough brine had collected into
the hole, sampling commenced. From each sackhole brine was filled into two small
plastic bottles for later analyses of pH and alkalinity in the laboratory at the research
station.

3.2.3 Brine salinity

Brine salinity was determined twice for each sackhole. The first measurement has been
done directly during the field sampling using a handheld refractometer. To confirm
these results a second measurement was done in the laboratory, typically less then
2 hours after sampling. A conductivity meter was used. Due to the ability of the
conductivity meter to measure the salinity only to a maximum of 45 the sample was
diluted with distilled water in a ratio of 1:1. During the whole expedition the values
were obtained with both methods.
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Figure 3.5: Drilling a sackhole with an ice corer (Photo: Camille Fresser)

Figure 3.6: Schematic body of sea ice with typically winter temperatures and salinity
profiles of first-year sea ice according to Eicken (2003).
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Figure 3.7: A drilled ice core (a), leaving a sack hole (b) which is covered by a plastic
lid while brine percolates from the surroundings into the sackhole (c). The ice core (d)
contains CaCO3 crystals and is stored in a clean plastic container for further processing.
- Schematic figure. The texture does not necessarily represent the structure of the sea
ice during this study.
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3.2.4 Extraction of the CaCO3 crystals from the ice core

The calcium carbonate crystals within the sea ice body are trapped in the brine pockets
and channels (Dieckmann et al., 2008). To extract the crystals from the sea ice the
obtained ice cores (see section 3.2.2) and the 10 cm sections of the complete sea ice
cores (see section 3.2.1) the method described by Dieckmann et al. (2008) were applied.
The temperature throughout the sample preparation was maintained below 4◦C, since
the mineral ikaite is metastable and decomposes to calcite above 5◦C. Therefore the
ice cores were melted slowly in a climate controlled room where temperatures never
exceeded 4◦C. Regular monitoring (several times a day) guaranteed a processing of
the samples as soon as the cores, or sections were melted. This ensured that the
temperature of the melt water never rose much above 0◦C.
The melt water was swirled and the particles allowed to settle in the vortex. The
crystals were transfered from the vortex on to a GF/F filter. Due to the partly massive
accumulation of the crystals onto the filter the filtration was supported by the vacuum
pump, which was connected to the Erlenmeyer flask. This procedure was repeated
several times to ensure that no crystals remained in the melt water. The filter with the
crystal was then placed in a plastic vial containing 75 per cent ethanol and frozen at
−18◦C for later mineralogical phase identification and quantitative measurements.In
several instances before crystals were transferred, they were briefly inspected under the
binocular microscope to check for differences in morphology. At the end the filtered
melt water and the remaining melt water in the plastic container were measured to get
the exact volume of melted sea ice. This is essential for late quantitative determination.
This procedure was applied for all ice cores obtained from the sackholes and all 10 cm
sections from the complete cores from each sampling day. The latter was necessary to
obtain a stratigraphic profile of the distribution of CaCO3 within the sea ice.

3.2.5 pH in brine solution

Measurement of pH in highly saline solution is never a simple task (see section 2.3.3),
especially if salinity is varying between 35 and more than 100 and is not predictable.
Salinity in sea ice brine is directly related to temperature, thus it drops with increasing
temperature and vice versa. For the calculation of [CO2] according to the equations
in section 2.3.6 one needs values on the pHSWS scale. There are different approaches
for the determination of pH in highly saline solution. The simplest way seems to
be the calculation of pHSWS if values for dissolved inorganic carbon (DIC) and total
alkalinity (TA) exist (Papadimitriou et al., 2007). The most typical approach used in
the determination of pH in brine solution in sea ice is the measurement of pH using a
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Figure 3.8: Photograph of ikaite crystals taken from a single bulk sea ice sample
showing various crystal shapes and sizes: a) idiomorphic; and b) shape of brine pockets
or channels (Dieckmann et al., 2008).

combination glass / reference electrode connected to a voltmeter (Gleitz et al., 1995;
Papadimitriou et al., 2004; Delille et al., 2007). But even for this approach different
setups can be found in the literature. The first difference is the used pH scale. While
Gleitz et al. (1995) and Papadimitriou et al. (2004) used the pHNBS scale (calibrated
with standard NIST buffers), Delille et al. (2007) used the pHSWS

1 scale (calibrated
on the total hydrogen ion scale using TRIS (2-amino-2-hydroxymethyl-1,3-propanediol)
and AMP (2-aminopyridine buffers). To avoid errors they prepared buffers at different
values at salinities of 30, 35, 40, and 80, according to the formulations proposed by
the DOE (1994). The problem which occurs here is a huge variation of the salinities
in relation to brine temperature. The values vary between 35 and more than 100.
Therefore one would need more buffers than used by Delille et al. (2007) to minimize

1It has to be noted that there is not a clear utilization of the term pHSWS in Delille et al. (2007).
Since they are calibrating on the total hydrogen ion scale, they get values on the pHT scale (compare
section 2.3.3) and not on the pHSWS scale. Even the differences between these scales are small it may
result in further errors
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errors in the determination of pHSWS.
If one uses the pHNBS scale one has to calculate the pHSWS using following equation:

10−pH(NBS) = fH [H]sws (3.1)

Gleitz et al. (1995) converted their pH values using a calculated apparent activity
coefficient (fH). They calculated fH for each salinity. In contrast Papadimitriou et al.
(2004) used the average of the reported values of the apparent hydrogen ion activity
coefficient at S = 34.6 and S = 43.7 and 25◦C in Culberson and Pytkowicz (1973),
fH = 0.709 and 0.730 for the under-ice seawater and sea ice brine respectively. Both
did not include temperature in their calculations.
Due to the named uncertainties in the determination of pH in a highly saline solution,
this study used NIST Buffers for calibration and took the temperature into account
to minimize errors in the determination of pHSWS. The pH was measured with the
pH meter Metrohm 713. This contains a combination glass / reference electrode and
a voltmeter with a sensitivity of ±0.1mV or ±0.001pH units respectively. The pH
was measured immediately after return to the laboratory (less than one hour after
sampling). Before every measurement, a three point calibration with standard NIST
buffers (with pH values at 4, 7, and 9) was carried out. Every sample was measured
twice and the differences between both measurements never rose above 0.05 units.
Then all values were transfered to pHSWS. For the transfer from pHNBS to pHSWS one
needs the apparent hydrogen ion activity coefficient. The coefficient was calculated
according to Dickson and Millero (1987) by interpolating the experimental data of
Mehrbach et al. (1973) using a quadratic function of salinity and temperature. Due
to measurements of subzero temperatures, this study determines fH as a function of
salinity and temperatures according to the experimental data of Mehrbach et al. (1973)
using the following equation:

fH = 1.8460− 0.0042 (T + 273.15) + 0.0031S (3.2)

(Wolf-Gladrow, 2008, personal comm.)

3.2.6 Total alkalinity

Because total alkalinity (TA) is not affected by CO2 exchange between sample and
air, it has not to be the first drawn. Furthermore it is possible to use an open titra-
tion vessel (Grasshoff et al., 2002). Alkalinity was measured according to methods
described in DOE (1994) and Grasshoff et al. (2002) by titration of the brine sample
with hydrochloric acid. The titration is followed with an electrochemical cell. The same
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pH meter as in section 3.2.5, the Metrohm 713, was applied for this. Additionally a
”Dosimat” was used. This device consists of a motor-driven burette (reproducible to
0.001 cm3 in the delivered volumes) which was interfaced to a magnetic stirrer and to
a microcomputer which controlled the titrated volumes. Thus the solution was stirred
during the titration. The solution was titrated with 0.02 mol/l hydrochloric acid. The
acid was given to the sample over a free movable acid injection tip, since the volume
in the titration vessel changed. The start volume (V0) of the sample was always 40 ml.
The sample was then titrated to an end point of a pH value of 3.3 to 3.5. For each
sample the total alkalinity was calculated with the following equation:

TA =
VHCl ∗ [HCl] ∗ 1000− 10−pHend ∗ (V0 + VHCl) ∗ 1000/fH+

V0

(3.3)

(Schlüter, 2007, personal communication)
where VHCl is the volume of hydrochloric acid, which has been added to the sample
during the titration, [HCl], the concentration of the hydrocholoric acid, V0, the start
volume of the sample and fH the hydrogen ion activity coefficient.

3.2.7 Examining spatial distribution of ikaite with the help of

Kriging

Since all other values described above are single point measurements, it is not possible
to derive spatial information of the distribution of the mineral ikaite. Therefore, an
extra experiment was carried out at the end of the study using a grid with the size of
20m by 20m. Every 5 m an ice core was drilled in x and y direction. The first 10 cm of
the ice core was then cut off and placed into a plastic container for further processing.
At each sampling point the ice thickness was determined.
Using the geostatistical method of ordinary Kriging (or punctual Kriging) with the
program Surfer 8 from Golden Software, a contour map of the distribution of ikaite
and the ice thickness was calculated.

3.3 Methodology during the SIPEX expedition in the

southern ocean

The sampling at the ”Sea Ice Physics and Ecosystem eXperiment” (SIPEX) has been
carried out by Andreas Krell from the Alfred Wegener Institute for Polar and Ma-
rine Research during September and October 2007. Ice cores were taken at different
locations, using standard techniques (Horner et al., 1992) as described above. The
samples from the SIPEX cruise were taken between the latitude S64◦13’ and S65◦36’
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and the longitude E116◦49’ and E128◦04’. The sea ice was between 51 and 187 cm
thick. Complete ice cores were not always taken and differ between 40 and 109 cm in
length.

3.4 ICP OES

While quantifying the collected ikaite within the sea ice samples it is necessary to
ensure that only the calcium carbonate has to be measured and not any impurities.
To achieve this an optical emission spectrometry has been adopted. Thus it is pos-
sible to measure the pure calcium and hence to calculate the quantity of the mineral
ikaite. The technique of the Inductively-Coupled Plasma Optical Emission Spectrome-
try (ICP OES) that has been applied, offers a wide range of advantages. Recommended
by many European countries it is established throughout science and environmental
analysis as well (Nölte, 2002). The advantages of the ICP OES are a higher range of
concentrations which can be measured compared to other spectroscopic methods and a
better reproducibility of the atomizing conditions. Due to the very high temperatures
(4000− 6000◦C) there is a smaller disturbance of the single elements to each other and
one obtains good spectra (Skoog and Leary, 1992). For an introduction to method of
ICP OES the interested reader is referred to Skoog and Leary (1992) and Nölte (2002).
The frozen samples of the ikaite 2 (see subsection 3.2.4 on page 34) were stored in plastic
caps. These plastic caps were rinsed in the home laboratory with highly concentrated
ethanol and the content was transfered to larger vials. The transfered samples were
then put in an oven and dried at 60◦C until all ethanol was evaporated. The remaining
material was mixed with 5 ml highly concentrated HNO3 to dissociate all molecules to
get free ions. Finally the liquid samples were then analyzed in the ICP OES, measuring
the amount of calicium within the sample.
Based on the amount of the measured calcium the amount of CaCO3·6H2O was calcu-
lated since all minerals were ikaite (see above). Therefor the following equations were
used:

[CaCO3 · 6 H2O] = [Ca 2+] + [CO 2
3 ] + 6[H2O] (3.4)

[Ca 2+] = measured with ICP OES (3.5)
2The samples of the extracted minerals were analyzed by means of X-ray diffraction using syn-

chrotron radiation (X-ray beamline of the Synchrotron Laboratory for Environmental Studies SUL-X
at the synchrotron radiation source ANKA, Forschungszentrum Karlsruhe) by Nehrke, G., Göttlicher,
J., and Steininger, R. This methods were also used when Dieckmann et al. (2008) found the first ikaite
in sea ice. The analyses showed 100% ikaite in the samples taken off Adélie Land, Antarctica (Nehrke,
2008, personal comm.)
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[CO 2
3 ] = [Ca 2+] · molecular weight of CO 2−

3

atomic weight weight of Ca 2+ (3.6)

6[H2O] =
(
[Ca 2+] + [CO 2

3 ]
)

· 6 ·molecular weight of H2O

(molecular weight of CO 2−
3 ) + (atomic weight weight of Ca 2+)

(3.7)

in cases were a dilution of the sample due to high concentration was necessary for the
measurement the result was multiplied by the factor the sample was diluted. Finally
the values were set in relation to the volume of melted ice to calculate the amount of
ikaite in one liter melted sea ice.

3.5 Calculation of the concentrations in the carbon-

ate system

For the calculation of the concentrations of the species in the carbonate system two
sets of constants according to section 2.3.2 were used within the equations of 2.3.6.
The constants are those of Mehrbach et al. (1973) as refitted by Dickson and Millero
(1987) and those of Millero et al. (2006). This should result in a better accuracy or
gives at least the possibility to compare the values with each other and with those from
other workers such as Delille et al. (2007).



Chapter 4

Results

4.1 Meteorological data during the sampling period

at Dumont d’Urville

Since there is a meteorology station at the research station at Dumont d’Urville with
regular observations, detailed climate data are available. The Station is situated at
S66◦39’5 and E140◦00’3 at an altitude of 43 meter. Thus, the station is very close to
the sampling site giving the opportunity to plot meteorological data of the same time
when the sampling took place.
The average temperature in November 2007 was −3.8◦C. This is exactly the average
temperature usually observed in November. The average temperature of the sampling
period was -3.5◦C, since the first days of December were also taken into account. Two
remarkable peaks were observed on 9th and 28th November when temperatures reached
0◦C. These events alternated with colder periods when the maximum temperatures
dropped below −4◦C and −5◦C respectively. The average global radiation reached
2679.43 J/cm2 during November. The average of the sampling period was slightly less
with 2628.13 J/cm2. A steady increase in global radiation can be seen in November
with a maximum at the end of the month when values were far beyond 3000 J/cm2.
These values were observed over several days. However, two sudden drops have to
be noted. The first around the 18th November when only less then 2000 J/cm2 were
measured and the second at the beginning of December with a value of 2157 J/cm2.
This is in accordance with the cloudiness. The wind did not affect the sea ice, even
though maximums of more than 18.1 m/s were observed. The average was 8.7 m/s.
For the complete data set see appendix A.

40
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4.2 Geochemistry of sea ice brine

4.2.1 Salinity and temperature of sea ice brine

The maximum salinity was measured right at the beginning of the sampling period with
87 psu, while the minimum was measured in the middle and at the end of the period
with values around 40 psu. Temperature values were the opposite with the minimum
of -4.8◦C at the beginning, the maximum in the middle and at the end with around
-2/-2.5◦C. The relation between salinity and brine temperature is shown in table B.1
and figure 4.2. The salinity decreases with increasing temperatures. The relation is
almost linear. Although there is a linear relation between temperature of the brine

Figure 4.2: Relation of salinity and temperature in sea ice brine

and salinity the values did not develop linearly with time. They oscillated over the
sampling period. The salinity with its maximum at the beginning was followed by
a steady decrease until the 5th sampling day. On the 6th sampling day the salinity
dropped even further to values below 50 psu. Ionic strength then rose again for a
short period until it dropped again. The temperature of the brine behaved indirectly
proportional (see figure 4.3). The relation between salinity and temperature of brine
are shown in figure 4.2 and 4.3.
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Figure 4.3: Salinity and temperature of the brine during the sampling period

4.2.2 pH values in the brine solution

Since the pH values where measured on the NBS scale using standard NIST buffers,
they had to be converted to the seawater scale. Thus the hydrogen ion activity co-
efficient was calculated first (see table 4.1) from a quadratic function of salinity and
temperature:

fH = 1.8460− 0.0042 (T + 273.15) + 0.0031S (4.1)

(Wolf-Gladrow, 2008, personal comm.)

Table 4.1: Calculated total hydrogen ion activity coefficient as function of temperature
and salinity

Sample Name Date Brine temperature in ◦C Salinity fH(S, T )

ROV2 #1 13.11.07 -5 86 0.986
ROV2 #2 13.11.07 -4.7 87 0.988
ROV2 #3 13.11.07 -4.8 84 0.979
ROV3 #1 14.11.07 -4.75 81 0.970
ROV3 #2 14.11.07 -4.7 76 0.954
ROV3 #3 14.11.07 -4.75 74 0.948
ROV4 #1 17.11.07 -4.05 75 0.948
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Sample Name Date Brine temperature in ◦C Salinity fH(S, T )

ROV4 #2 17.11.07 -4 76 0.951
ROV4 #3 17.11.07 -3.95 76 0.951
ROV5 #1 18.11.07 -3.9 71 0.935
ROV5 #2 18.11.07 -3.95 76 0.951
ROV5 #3 18.11.07 -3.95 76 0.951
ROV6 #1 23.11.07 -4.05 73 0.942
ROV6 #2 23.11.07 -3.95 74 0.945
ROV6 #3 23.11.07 -4.05 75 0.948
ROV8 #1 25.11.07 -2.05 41 0.834
ROV8 #2 25.11.07 -2.45 45 0.849
ROV8 #3 25.11.07 -2.5 48 0.858
ROV9 #1 27.11.07 -3.6 65 0.915
ROV9 #2 27.11.07 -3.65 66 0.919
ROV9 #3 27.11.07 -3.45 64 0.912
ROV11 #1 30.11.07 -3.9 71 0.935
ROV11 #2 30.11.07 -3.9 72 0.938
ROV11 #3 30.11.07 -4.05 73 0.942
ROV13 #1 03.12.07 -3.6 40 0.838
ROV13 #2 03.12.07 -3.7 46 0.857
ROV13 #3 03.12.07 -3.6 46 0.856

Using the calculated values of fH and the measured data of pHNBS, the concentration
of [H+] is directly calculated according to the equation:

[H+sws] =
10−pH(NBS)

fH

(4.2)

The pH values are between 8 and 10. The average is 8.773 with the highest value
of 9.4 in the middle of the sampling period. A mean value out of the three samples was
calculated for each sampling day. Only for the last sample were the first two samples
used, since the last one is obviously an outlier. If one calculates H+

SWS from these
values and plots them one can see a clear pattern (see figure 4.4). The concentration
of hydrogen ions drops continuously until 25th November and rises suddenly to values
which are even above those from the beginning of the sampling period. But after
the penultimate sampling day the pH again dropped to a mean value of 8.72 on 3rd
December. A detailed view on the calculated values can be found in appendix B.
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Figure 4.4: Concentration of H+
SWS

Figure 4.5: Total alkalinity in µmol/kg



CHAPTER 4. RESULTS 46

4.2.3 Total Alkalinity

The total alkalinity almost follows the same pattern as the pH values. They drop from
the beginning to the middle of the sampling period, but then start to rise, followed by
another decrease at the end. But there are differences. The highest value is not just
after the increase on 27th November, but right at the beginning with 5672 µmol/kg.
The average is 4311 µmol/kg and the minimum was measured on 3rd December with
less then 2000 µmol/kg. Another interesting aspect is, that the total alkalinity does
not drop continuously like the pH values. There is a light increase on 18th November
up to more than 5000 µmol/kg again. The values after the second increase do not
exceed those from the beginning like the pH values do.

At the end of the sampling a reference sample of the underlying water column was
taken and measured as well. The obtained value was 2218 µmol/kg. This is slightly
below the typical values found in the oceans (Edmond, 1970; Dickson et al., 2003).

4.2.4 Concentration of the species in the carbonate system in

sea ice brine

The concentrations of carbon dioxide, dissolved inorganic carbon, bicarbonate, and
carbonate in the carbonate system in sea ice brine are calculated with the equations
from section 2.3.6. According to section 2.3.2 and section 3.5 two sets of constants are
used. The results using the dissociation constants of Mehrbach et al. (1973) refitted
by Dickson and Millero (1987) will be described first. Secondly the results using the
dissociation constants of Millero et al. (2006) will be described at the end of the section.

Calculations with dissociation constants of Dickson and Millero

The concentrations of carbon dioxide, bicarbonate, carbonate ions, and dissolved inor-
ganic carbon fluctuate over a wide range during the sampling period. The concentration
of carbon dioxide varies between 0.55 and 32.23 µmol/kg. The values of DIC and bi-
carbonate develop in a similar way but different to the concentration of [CO2]. The
minima are reached at ROV8 with 906.67 µmol/kg for DIC and 459.18 µmol/kg for
[HCO –

3 ] respectively. In contrast to [CO2] the maxima are reached at the very be-
ginning of the sampling period. While the maximum of DIC is 4172.30 µmol/kg the
maximum of bicarbonate does not exceed 3593.30 µmol/kg. The concentration of the
carbonate ions seems to develop in a totally different way, since the minimum is reached
at the end of the sampling period and the maximum is in between at ROV6 with 721.48
µmol/kg. After the last sampling day a sea water sample was taken showing a value
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Figure 4.6: Concentration of the species of the carbonate system calculated with the
dissociation constants of Dickson and Millero (1987)

of 48.41 µmol/kg for [CO2] and 2147.51 µmol/kg for DIC, which is slightly above
typically measured values in sea water (compare http://andrew.ucsd.edu/co2qc/).

Except for the concentration of the carbonate ions all other values drop over time
to the end of November. Followed by a sudden remarkable increase by a factor of 5. On
25th November there is a comparable decrease of the concentrations of HCO –

3 , DIC,
and CO2. The concentration of the carbonate ions change more diversely. Starting
with a slight increase, the concentration grows stronger to mid November. In contrast
to the increase of the concentration of the other species, there is a sudden decrease of
[CO 2 –

3 ]. The decrease is not as strong as the increase of the other concentrations and
occurs one sampling day earlier. Since all values change the other way around than the
values of bicarbonate one would expect an increase at the end of the sampling period.
Instead there is only a slight increase in the concentration of [CO 2 –

3 ] followed by a
strong decrease.
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Calculations with dissociation constants of Millero

Using the constants of Millero et al. (2006) one gets different results. The mini-
mum concentration of carbon dioxide is 0.2 µmol/kg while the maximum is 15.46
µmol/kg. The highest values of dissolved inorganic carbon are at the beginning of
the study. The lowest values around 1600 µmol/kg are in middle and the end of the
sampling period. In sample ROV8#2 the smallest amount of [HCO –

3 ] occurs with
885.78 µmol/kg. The highest value of bicarbonate can be found in sample ROV3#2
with 3352.42 µmol/kg. The concentration of the carbonate ions varies only slightly
around 1600 to 1800 µmol/kg in the first samples but then suddenly drop to half and
even lower to a minimum of 234.93 µmol/kg.

Figure 4.7: Concentration of the species of the carbonate system calculated with the
dissociation constants of Millero et al. (2006)

The values of DIC, [CO2], and [HCO –
3 ] drop within the first 4 samples. The con-

centration of carbon dioxide stays on this level and rises with the values of DIC and
bicarbonate. This increase is followed by another decrease until the end of the sam-
pling period. The carbonate ions do not fluctuate over a wide range at the beginning,
there is only a slight increase in the concentration. Remarkably here is a decrease of
the values in sample ROV8. Staying on a constant level in sample ROV9 and ROV11
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the concentration starts to increase again and results in a decrease to the lowest value
at the end of the sampling period.

4.3 Distribution of ikaite

4.3.1 Total amount of ikaite in sea ice

The following data represent the second quantitative report of ikaite in sea ice. Provid-
ing even a larger number of samples this gives a more detailed view on the amount of
the mineral which can be found in Antarctic sea ice. The samples represent values on
different scales, since different volumes were taken. The typical thickness of one sample
is 10 cm. But there are two other variations. First the samples have a thickness of
30 cm, because they were taken from the sackholes described in section 3.2.2. Second,
due to field observations also samples on a smaller scale were taken. These samples
were 2 cm thick. For an easier understanding these different scales will be described
according to Neumeister (2007) as pico (< 10cm) and nano (0.1 to 1 m) scale.

Because of the sampling method (see section 3.2.1) the typical unit is mass per
volume of melted sea ice in which the ikaite crystals are found. Additionally the
absolute amount is provided in table D.1 on page 96.

The maximum absolute and the maximum relative amount of ikaite was found in
samples from station ROV15 which is situated on ’old’ ice only several hundred meters
from the study site away at S66◦39.276, E140◦00.486. Remarkable 52.89 mg of the
mineral were found in the bulk sample and 125.56 mg/liter melted sea ice from a 2
cm section from this station. Three samples show a concentration above 100 mg/liter
melted sea ice. All of these samples are on the pico scale and were found in land-fast
ice off Adélie Land. There are another thirteen samples with values of 10 mg of ikaite
per liter melted sea ice and beyond. All of these samples are from the top layer of the
sea ice body. The highest relative amount of ikaite within the samples from the SIPEX
cruise is 9.49 mg/liter melted sea ice and does not reach the values from land-fast ice.
But, this is also a value measured in the top layer.

However in most samples the amount of ikaite is less than 1 mg/liter melted sea ice
and sometimes even lower than 0.1 mg/liter melted sea ice. The highest amounts were
measured in first year land-fast ice. The young (≈ 3 month) ice did not contain such
high amounts of ikaite.
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4.3.2 Stratigraphic distribution of ikaite in land-fast ice off Adélie

Land on the scale 0.1− 1m

During this study six complete ice cores, which were cut into 10 cm sections, provide
an overview over the stratigraphic distribution of ikaite in the sea ice body in land-fast
ice off Adélie Land. Figures 4.8, 4.9, 4.10, 4.11, 4.12, and 4.13 show that the values
of ikaite in the top 10 cm of the sea ice body are by far the highest. Only in ice core
ROV13 was the highest value measured in the section between 10-20 cm. However,
the amount of ikaite in the top 10 cm of sample ROV13 (Figure 4.13) is almost still
as high as in the section below. Therefore generally one can say that most of the
mineral found in the top layer of sea ice. The values in this layer fluctuate between 1.2
and 93.03 mg/liter melted sea ice. Most of the cores have values lower or equal to 5
mg/liter melted sea ice. In the first three cores values in the lower part of the ice cores
do not differ so much from each other. In ice core ROV7 (Figure 4.11) one can see a
slightly higher value in the section between 10 and 20 cm than in the sections below.
In ice core ROV9 (Figure 4.12) an increase of the amount of ikaite additionally occurs
in the section between 20 and 30 cm. As already mentioned, ice core ROV13 (Figure
4.13)differs from the other ice core with respect to the stratigraphic distribution. The
highest value was found in the first top layers between 0 and 20 cm. Furthermore the
values in the lower parts behave differently as well. Showing an increase in the amount
in the section between 30 and 40 cm after a strong decrease between the second and
the third section in this ice core. The temperatures in the sea ice cores show a typical
top down increase.

Figure 4.8: Ice core ROV3, Tair = −4.8◦C, land-fast ice
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Figure 4.9: Ice core ROV4, Tair = −3.2◦C, land-fast ice

Figure 4.10: Ice core ROV6, Tair = −3.1◦C, land-fast ice

Figure 4.11: Ice core ROV7, Tair = −1.9◦C, land fast ice
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Figure 4.12: Ice core ROV9, Tair = 0.1◦C, land-fast ice

Figure 4.13: Ice core ROV13, Tair = −2.3◦C, land-fast ice

4.3.3 Stratigraphic distribution of ikaite in sea ice on the SIPEX

cruise on the scale 0.1− 1m

From the SIPEX expedition data from 14 ice cores are available. Equal to the data
from sea ice off Adélie Land the ice cores are divided in 10 cm sections providing the
opportunity to compare the data between both sampling sites.

Even the stratigraphic distribution of the mineral ikaite is different to those from
Adélie Land, one can say that most of the highest amounts of ikaite were also found in
upper layer of the sea ice. However, it has to be noted that there are ice cores where
the highest values are found in the lower layers. This is the case in SIPEX cores 3,5,
6 and 14 (Figure 4.16, 4.18, 4.19, and 4.27). In core 3 the highest amount of ikaite is
higher than 2 mg/liter melted sea ice and was measured in the section between 30 and
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40 cm. Due to missing values it is not possible to say if there might be higher values
in the upper layer of this ice core. Core 5 (Figure 4.18) also has the highest values in a
lower layer. With more than 4 mg ikaite per liter melted sea ice the highest value is in
the section between 20 and 30 cm. Core 6 has two high values in the section between
0-10 cm and in the section between 20-30 cm. Interesting is core 14, since it shows
generally the same pattern as the ice cores from Adélie Land. Although it is not very
high, the section between 40 and 50 cm contains a slightly higher amount of ikaite than
the layers above and below.

Figure 4.14: SIPEX ice core 1 at S64◦13.773 E127◦57.132, Tair = −15.6◦C, total ice
thickness: 51 cm

Figure 4.15: SIPEX ice core 2 at S64◦29.42 E128◦03.29, Tair = −18.6◦C, total ice
thickness: 98 cm
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Figure 4.16: SIPEX ice core 3 at S64◦23.390 E127◦11.293, Tair = −20.1◦C, total ice
thickness: 49 cm

Figure 4.17: SIPEX ice core 4, position = N/A, Tair= N/A

Figure 4.18: SIPEX ice core 5 at S65◦31.465 E124◦45.121, Tair = −18◦C, total ice
thickness: 85 cm, more or less fast ice station between grounded icebergs
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Figure 4.19: SIPEX ice core 6 at S65◦35.304 E122◦35.043, Tair = −11.7◦C, total ice
thickness: 81 cm, heavily rafted floes, very fragile skeletal layer at bottom

Figure 4.20: SIPEX ice core 7 at S65◦33.492 E121◦31.640, Tair = −12.3◦C, total ice
thickness: 53 cm

Figure 4.21: SIPEX ice core 8 at S65◦33.281 E118◦52.480, Tair = −7◦C, total ice
thickness: 37 cm
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Figure 4.22: SIPEX ice core 9 at S65◦20.612 E118◦33.809, Tair = −11.1◦C, total ice
thickness: 98 cm, region of heavily rafted and deformed ice

Figure 4.23: SIPEX ice core 10 at S64◦56.549 E119◦07.976, Tair = −14.8◦C, total ice
thickness: 133 cm, coring site on an adjacent rafted area, negative freeboard

Figure 4.24: SIPEX ice core 11 at S65◦01.496 E117◦42.015, Tair = −7.3◦C, total ice
thickness: 101 cm, rafted floe, ice surface very rough
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Figure 4.25: SIPEX ice core 12, Tair = −6.9◦C, total ice thickness: 187 cm, close to
station 11 (1.5 nm)

Figure 4.26: SIPEX ice core 13 at S64◦44.436 E116◦49.274, Tair = −7.8◦C, total ice
thickness: 78 cm, rafted floes

Figure 4.27: SIPEX ice core 14 at S64◦18.483 E116◦49.594, Tair = −10◦C, total ice
thickness: 64 cm
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Apart from the described outliers the samples from the SIPEX expedition show a
similar behavior as those from Adélie Land. The values in the lower parts do not differ
much from each other and are less than 0.5 mg ikaite per liter melted sea ice. The
temperature profiles are similar and increase from the top down to the lower layer of
the column. Only sample 10 is different. The higher temperature at the top results
from the flooding of the ice floe.

4.3.4 Stratigraphic distribution of ikaite in land-fast ice off Adélie

Land on the scale ≤ 10 cm

Due to the observations on field it was decided to reduce the sample sections to 2 cm
instead of 10 cm. According to Neumeister (2007) this scale will be referred as pico
scale (≤ 10 cm). Looking on the figures below we can see a massive increase in the
relative amount of ikaite in the sample. The amounts exceed in some samples 100 mg
ikaite per liter melted sea ice. Since these values are on a smaller scale, one can say
that ikaite is definitively found in the very top layer of sea ice. The occurrence of the
mineral tend to pile up in the top layer on the pico scale similar as on the nano scale.

Figure 4.28a is interesting. Here a complete core was taken including a layer snow
on top. The values in the snow are also high. However, in the section between 6 and 8
cm where the transitions zone between snow and sea ice is located, the value suddenly
increases by a factor of 2, followed by a decrease of the amount of ikaite. Figure 4.28b
shows a high value in the top 2 cm with a decrease to low values similar to those from
lower layers on the nano scale. This sample was taken on blank ice with no snow on
top. Both samples were taken on the same date from young sea ice (≈ 3 month) and
are from the same sampling site as ROV6 (see figure 4.29). The accumulation of the
mineral occurs here in the first 4 cm and values then drop to low levels. Figure 4.29b
shows a sample from first year ice which is older than 3 months. The ice thickness at
this sampling point was 133 cm. The values are much higher than those from young
sea ice and are constantly high down to the section between 8 and 10 cm. But also in
layers below, ikaite was measured.

4.3.5 Temporal distribution of ikaite in land-fast ice off Adélie

Land

In the study of Dieckmann et al. (2008) only single amounts of ikaite were measured.
This study is the first to provide data about the amount of ikaite in sea ice over a
certain time scale. Even though only six measuring points are available, this gives a
first idea of the temporal distribution of ikaite in sea ice during austral spring. All
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Figure 4.28: Ikaite on the pico scale a) ROV7 with snow on top, b) ROV7 without
snow on top

Figure 4.29: Ikaite on the pico scale a) ROV6 sample from young ice (≤ 3 month),
and b) ROV15 sample from single year ice but older than the sea ice from the stations
ROV3 to ROV13
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Figure 4.30: Temporal distribution of ikaite during Austral spring - sum parameter
from sack hole ice cores

values are from 30 cm thick ice cores taken from the sack holes. Therefore these bulk
samples refer to a different scale than the data from the sections above. Figure 4.30
shows that there is not a constant amount of ikaite over time. The values fluctuate.
Starting with 1 mg ikaite per liter melted sea ice the values drop down to approximately
0.2 mg/liter melted sea ice. Followed by a strong increase up to 1.6 mg/liter melted
sea ice which results in a repeated decrease down to approximately 0.5 mg/liter melted
sea ice.

4.3.6 Spatial distribution of ikaite

The data of the amount of ikaite are from the first 10 cm of the sea ice body to minimize
interferences by sea water, since the ice thickness was reduced to 30 cm due to thawing
and rising temperatures. The sampling site was just 50 meter away from the site where
the sack holes were drilled. The values are not as high as in the first top 10 cm of the
complete ice cores which were taken at the beginning of the sampling period. Figure
4.31 shows a contour map of the distribution of the mineral ikaite in the first 10 cm
of land-fast sea ice on a field with a size of 20m by 20m. This contour map is an
interpolation of the point data described in section 3.2.7 using the method of punctual
Kriging. The interpolation was calculated with the help of the software ”Surfer 8”.

The figure shows 4 ”hot spots” with up to 4 mg ikaite per liter melted sea ice.
However, a wide area seem to be homogeneous with respect to the distribution of
ikaite, showing similar amounts of the mineral.
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Additionally, the ice thickness was measured at each sampling point where the
amount of ikaite was determined. Using the same method of punctual Kriging the
ice thickness of the same area was interpolated. Figure 4.32 shows a homogeneous ice
thickness of around 30 cm with one exception where the ice thickness exceeded 40 cm.
This exception is at the same location where the highest values of the mineral ikaite
are. For the other hot spots with high values of ikaite no similar hot spot with respect
to ice thickness was found.

Figure 4.31: Contour map of the distribution of ikaite in the first 10 cm of land-fast
ice in an area of 20m2, amount of ikaite in mg/liter melted sea ice

4.3.7 Additional measurements of ikaite

Due to first field observations some extra measurements were carried out. For example
several snow samples and a scratch sample from the top of the sea ice were taken. The
snow samples contain between 0.02 and 4.95 mg ikaite per liter melted snow depending
on the depth of the snow. The snow sample from ROV9 where the snow depth was 40
cm the amount is very small, whereas a sample from a location with less snow shows
the highest amount of ikaite in snow. The scratch sample from the top of the ice shows
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Figure 4.32: Contour map of sea ice thickness of a 20m2, sea ice thickness in cm

a remarkable amount of almost 40 mg ikaite per liter melted sea ice. See Appendix
D.1.

4.3.8 Ikaite in continental firn ice

After the sampling period an ice core was drilled in firn ice on the continent near
Prud’homme. The ice core was 1 m long and cut into three equal sections for further
processing. Despite the expected non existence of ikaite in firn ice, small amounts of
the mineral were found. The values are between 0.07 and 0.12 mg/liter melted ice.
There is no significant stratification, since the values are close together.



Chapter 5

Discussion and conclusion

5.1 Discussion of methodology

5.1.1 Sampling techniques

The applied sampling techniques are standard techniques described by Horner et al.
(1992) and are used in most studies (Gleitz et al., 1995; Delille et al., 2007; Papadim-
itriou et al., 2007, Dieckmann, G.S. personal communication 2007). Critical points of
the applied techniques will be discussed in this section.

Ice core sampling is simple and often done using an ice corer with a diameter of 9
cm. However, using this technique, the ice core should be processed quickly. Delays
in processing will lead to inaccurate data. For example a delay may causes incorrect
temperature profiles due to warming of the ice core. Using an ice core for determination
of CaCO3 crystals, a delay could lead to a loss of minerals due to rejection of brine from
the ice core. Therefore two ice cores where taken close to each other to reduce such
source of errors. In contrast to the described use of a gasoline motor in other studies,
a battery driven drill was used, allowing quicker processing and easier handling while
taking the ice cores. However, it has to be remembered that the ice was quite warm
and this technique has not yet been tested in cold sea ice with temperatures below
−10◦C.

Brine sampling was carried out as described by Gleitz et al. (1995); Papadimitriou
et al. (2007) and Delille et al. (2007). Beside this widely used method the only known
alternative method is centrifuging the ice core in a refrigerated centrifuge (Horner et al.,
1992). However, this method is not appropriate since it is time consuming and requires
a larger logistic effort. Although, the method of collecting sea ice brine in predrilled
sackholes is used in all studies analyzing sea ice brine some problems are left. The
brine which penetrates into the sackhole is not from the core itself, which is taken

66
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from this location, but from the surroundings. Therefore looking on a smaller scale
the analyzed brine is not in direct relation to the precipitated calcium carbonate which
was found in these cores. Strictly seen, this is a bulk sample since the brine penetrates
over the whole 30 cm and even from the bottom into the sack hole. This makes it
impossible to draw direct conclusions on the relation of the precipitation of CaCO3

and carbonate chemistry on the pico scale or even smaller. Therefore other methods
should be developed to understand the precipitation of calcium carbonate in sea ice.
Such a method for reconstructing temperatures at which the mineral precipitates could
use for example stable isotope fractionation as suggested by Kennedy (personal comm.)
based on methodologies outlined by Romanek et al. (1992); Rickaby et al. (2006) and
Kim et al. (2007). Up to now it is only possible to provide bulk data on the cm scale
whereas brine pockets and calcium carbonate minerals are on the µm or mm scale.

5.1.2 Measured chemical values

In this study, pH, total alkalinity and salinity were measured at the research station
within a short time after sampling. Calcium for quantitative determination of ikaite
was measured in the home laboratory using ICP-OES (see section 3.4).

According to Gleitz et al. (1995) pH and total alkalinity were measured to calcu-
late [CO2], DIC and other values of the carbonate system in sea ice brine at in-situ
temperatures. Measuring pH in sea ice brine has shown several problems. First of all
brine is a highly saline solution. Even though there are solutions for measuring pH in
saline solutions like seawater (see section 2.3.3), sea ice brine reaches higher salinities
which also alter in relation to temperature. Salinities between 35 and beyond 100 are
possible. Delille et al. (2007) tried to solve this problem by preparing pH-buffers at
different salinities up to 80 psu. This is an option to reduce uncertainties but buffers
at a certain salinity might be missing since salinities in brine could not be predicted.
To avoid this, pH was measured on the NBS scale and then transfered to pHSWS by
using the activity coefficient fH (see section 3.2.5). However, fH was determined using
empiric data. Thus, this might be another source of error.

Another problem measuring pH occurred during the sampling. The measurement of
pH was carried out in the laboratory within a short time after sampling. However, even
using gas tight tubes, this short time could be enough to change pH due to degassing
of CO2. The pH-meter was calibrated at low temperatures similar to Delille et al.
(2007), but still not at temperatures as found in sea ice. Resulting from these findings
alternative, more accurate methods for determining carbonate chemistry within highly
saline solutions should be discussed. For example one could use the measurement of
DIC and alkalinity to calculate all other species of the carbonate system.
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The measurement of total alkalinity is not affected by CO2 exchange between air
and sample. Therefore this method does not suffer from the sampling method like the
measurement of pH. The calculation of alkalinity using equation 3.3 on page 37 needs
only one measuring point. This allows a fast processing of the samples. However, in the
literature a potentiometric titration is recommended using the Gran method (Edmond,
1970; Dickson, 1981; DOE, 1994). Since this method provides more accurate data it
should be applied when only a few samples exist.

The measurement of calcium with the optical emission spectroscopy (see section 3.4
on page 38) for indirect quantitative determination of the mineral ikaite emerged as a
suitable method. This method is easy to apply and gives accurate values. However,
this method is only possible when 100% of the same mineral is found. As soon as
there are different minerals like vaterite, calcite, ikaite, and aragonite this method is
no longer adoptable. However, this method allows the calculation of the quantity of
carbonate which is bound in precipitated calcium carbonates.

5.2 Discussion of results

5.2.1 Species in the carbonate system

Dissociation constants and calculated values

In section 2.3.2 the difficulties of the applied dissociation constants are already high-
lighted. Hence, two different sets of constants were used in this study. The dissociation
constants from Mehrbach et al. (1973) refitted by Dickson and Millero (1987) and the
constants from Millero et al. (2006) were chosen. The former were used in the latest
study on the dynamics of the carbonate system within natural sea ice by Delille et al.
(2007) and the latter are the youngest determination of the dissociation constants.
Although these constants of Millero et al. (2006) have never been used for calculations
of the carbonate system in highly saline solutions, they are the only ones which drop
with increasing salinity (see figure 2.3.2 on page 13 and 2.3.2 on page 14) as described
by Zeebe and Wolf-Gladrow (2001).

According to the large differences between the different sets of constants at high
salinities the values of the species of the carbonate system vary as well. Figure 5.1
shows the difference between the the calculated values using the constants of Dickson
and Millero (1987) and Millero et al. (2006), respectively. The largest variation occur
in the concentrations of carbon dioxide and carbonate ions. However, also the other
species show differences, though they are not as large. The concentration of carbon
dioxide varies by up to a factor of 3.
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The concentration of [CO2] at the beginning of the sampling period is about 7.5
µmol/l calculated with the constants of Millero et al. (2006) and almost 25 µmol/l
calculated with the constants of Dickson and Millero (1987). This difference reduces
over time down to almost zero in the middle of the sampling period. Followed by
an increase the difference reduces again at the end of the period. The same pattern
occurs for the concentration of the carbonate ions but the other way around. Here
the values calculated with the constants of Millero et al. (2006) are much higher than
those calculated with those of Dickson and Millero (1987). The variations are up to
1100 µmol/l and reduce down to approximately 500 µmol/l. The difference here does
not drop to zero but reduces also over time and reincreases at the end of the sampling
period. The difference within the concentrations of dissolved inorganic carbon and
[HCO –

3 ] are small but noticeable.
The variations correlate with the salinity of sea ice brine. The higher the salinity

the higher the differences within the concentration. This effect can be expected, since
the differences between the dissociation constants occur at salinities above 50 psu
(see section 2.3.2). Figure 5.1 on the preceding page shows a obvious problem with
respect to the dissociation constants in high saline solutions. All dissociation constants
provided in the literature are valid to a maximum salinity of 50, sometimes even less.
Though the dissociation constants for carbonic acid of Millero et al. (2006) are the only
constants which drop with increasing salinity as described by Zeebe and Wolf-Gladrow
(2001) they are not valid for salinities above 50. The same occurs with the constants
of Dickson and Millero (1987) which are not valid for such high salinities found in sea
ice brine. Hence the values of the carbonate system which are calculated with these
constants should be handled with care. This has also be taken into account if one looks
on values provided in the literature (i.e. Gleitz et al. (1995)). Also other values from
studies which use dissociation constants for carbonic acid mentioned in section 2.3.2
have the same problem, since their used dissociation constants also increase with the
increase of salinity. This leads to data which can not be classified. Even, if I assume
that the dissociation constants of Millero et al. (2006) are the proper constants, it is
not sure if the calculated values are accurate enough. Since the values of [CO2] differ
between 7.5 µmol/l and 25 µmol/l, the difference is to big to use these values for
further calculations (i.e. the budget calculation of carbon dioxide in sea ice or polar
regions respectively). Resulting from these findings there is a definitively demand for
dissociation constants for carbonic acid in highly saline solutions such as sea ice brine.
The constants should be valid for salinities far beyond 100 psu, since brine salinity
easily rises up to such values. Furthermore these constants should be validated for
subzero temperatures.
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Due to these huge uncertainties it is not possible, in reasonable bounds of this
diploma thesis, to determine a relation between the concentration of the carbonate
species and the precipitation of calcium carbonate before a valid set of dissociation
constants for carbonic acid exist.

Comparison with data from various workers

Three studies on sea ice brine biogeochemistry exist in the literature. Gleitz et al.
(1995) and Papadimitriou et al. (2007) investigated sea ice brine in the Weddell Sea,
whereas Delille et al. (2007) have done research on brine in land-fast sea ice off Adélie
Land. Those studies provide data on different values, such as salinity, temperature,
nutrients, O2, DOC, DON, silicic acid, TA, pH, and dimethylsulfide (DMS). Further-
more they determined the carbonate system but they do not provide data for all species
mentioned above.

The values of the carbonate system provided by Gleitz et al. (1995), Papadimitriou
et al. (2007), Delille et al. (2007), and this study are difficult to compare. They all use
different sets of dissociation constants for carbonic acid. Only this study uses two sets
of dissociation constants whereas one set is the same as used by Delille et al. (2007).
However, Delille et al. (2007) provide only data on pCO2. All other authors provide
[CO2] in sea ice brine. Since the exact values for salinity and temperature are missing
in the study of Delille et al. (2007) it is not possible to calculate the concentration of
carbon dioxide from pCO2 and thus to compare the data with values of Gleitz et al.
(1995), Papadimitriou et al. (2007), and this study.

It is for example possible to discuss the data of Gleitz et al. (1995) and this study.
Focusing on the concentration of carbon dioxide the values of Gleitz et al. (1995) are
similar to this study at low salinities. However, at high salinities Gleitz et al. (1995)
report values of CO2 up to 87 µmol/l which are much higher than those values calcu-
lated in this study. According to section 5.2.1 these high values of Gleitz et al. (1995)
should be seen with reservations. This results from the used dissociation constants of
Roy et al. (1993), as they behave in a similar way like the constants of Dickson and
Millero (1987) where pK1 and pK2 rise with increasing salinities, starting from 50 psu
(see figure 2.3.2 on page 13 and 2.3.2 on page 14). Therefore, these values should be
recalculated when a proper set of constants exists which is valid for highly saline solu-
tions at subzero temperatures. However, a comparison of the temporal distribution is
not possible, since they do not provide such data. Even though Papadimitriou et al.
(2007) provide 36 measurements over 22 days these values do not come from the same
location. Hence, also this data can not be compared on a temporal scale. The values of
carbon dioxide are very similar to the values calculated in section 4.2.4. The salinities
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in the study of Papadimitriou et al. (2007) are only up to 63, therefore there is not
such a problem with the concentrations like in the study of Gleitz et al. (1995) and
this work. Comparing the values of carbon dioxide one can say that the concentrations
fluctuate between 1 and approximately 15 µmol/l at low salinities. If the salinity rises
beyond 50 or so, yet there is no clear data, since no valid dissociation constants exist.
However, I assume that the values calculated with the constants other than those of
Millero et al. (2006) are too high.

Only the work of Delille et al. (2007) provide data on the temporal distribution of
carbon dioxide. More precisely the partial pressure of CO2. In contrast to this study
the values of CO2 drop all the time and no oscillation occurs. This originates from the
continuous rising of the temperatures of the brine.

Other calculated values of the carbonate system are not provided in the literature.
Only data of dissolved inorganic carbon and total alkalinity are provided. But these
values coincide with the data of this study and no significant differences were found.

5.2.2 Distribution of ikaite

Different amounts of ikaite in sea ice were found. Samples exist from young land-fast
sea ice (≈3 month), single year land-fast ice (>3 month), and pack ice. The samples in
land-fast ice were taken in November 2007 and the samples in pack ice in September
and early October 2007. The highest value of ikaite was found in old land-fast sea
ice whereas the smallest values occurred in pack ice. The small amounts in pack ice
might result from the continuous movement of the ice floes which leads to an enhanced
drainage of sea ice brine and therefore to a reduction of the mineral since it follows
the path of the brine. However, this depends on the temperature. Sea ice as moved
by the wind and tides causes breakage and occasionally forces parts of the floe below
freeboard, flooding the ice surface with sea water. Similarly, heavy snow cover can also
force the ice floe below freeboard, resulting in surface flooding. Hence, the brine is
diluted changing the thermodynamic equilibrium and leading to smaller precipitation
of calcium carbonate. Also time seems to play an important role in the precipitation
of CaCO3. Since in the Antarctic more than twice as much first-year ice develops in
contrast to the Arctic (Arrigo, 2003) the pack ice is young and this seems to result in
a reduced precipitation of CaCO3. But even in land-fast ice differences were found.
In young land-fast ice less ikaite was found than in older single-year ice. This shows
that the precipitation of calcium carbonate seems to be a continuous development over
time.

Precipitation of calcium carbonate is not homogeneous within the sea ice body.
In land-fast ice the highest amount of CaCO3 was found in the top layer of sea ice.
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More precisely these high values occur in the first few centimeters from the top. This
phenomenon can be explained with the observations of Rysgaard et al. (2007), when
DIC is rejected together with brine from the sea ice. Following Arrigo (2003) that land-
fast ice is mostly columnar ice this favors the drainage of brine to the underlying water
column. Hence also ikaite crystals might be transported downwards as well. However,
this evidence is inconclusive and further investigation is needed. On the other hand
when dissolved inorganic carbon is rejected together with brine to the water column
the thermodynamic equilibrium is not exceeded, thus leading to an undersaturation
with respect to CaCO3 and no precipitation takes place.

Though most ice cores from the SIPEX expedition show the same pattern as the
ice cores from sea ice off Adélie Land, in some ice cores this pattern is not observed.
Analyses of the figures in section 4.3.3 shows that the highest values of ikaite in some
cores are found in deeper layers within the sea ice. The ice cores in which the highest
values are not in the top, were taken from locations with rafted ice floes. The explana-
tion for this phenomenon is trivial and simple. Ice floes with high concentrations with
respect to CaCO3 in the top layer raft over each other, thus creating two layers where
high concentrations of calcium carbonate exist.

However, a temporal oscillation is observed during the sampling period (see sec-
tion 4.3.5 on page 61). The maximum value1 of ikaite was measured on 25th Novem-
ber. Analyzing the development of total alkalinity (TA), dissolved inorganic carbon
(DIC) and the amount of ikaite between 18th and 25th November shows a significant
relation. Focusing on the data calculated with the dissociation constants of Dickson
and Millero (1987) one gets a ratio of TA : DIC ≈ 1. This shows a degassing of the
produced CO2 as predicted by Papadimitriou et al. (2007). However, if one considers
the values calculated with the constants of Millero et al. (2006) the ratio TA : DIC

changes to ≈ 1.6. This would result in a fractional degassing and accumulation of CO2

in solution respectively (Lazar and Loya, 1991, cited in Papadimitriou et al. (2007)).
These two different results show, obviously, the demand for valid dissociation constants
for carbonic acid to determine whether CO2 is degassing or not. However, analyses of
the values between 14th and 18th November does not show any significant relations.
Due to sea ice warming ikaite could be rejected to deeper levels (see figure 4.9) and
CO2 values were dropping probably following the same pattern or carbon dioxide is
consumed due to primary production. But this remains inconclusive.

Obviously there are additional processes controlling the precipitation of CaCO3,
but those are not known and can not be fully assessed yet. For the precipitation of

1It has to be considered that these values were measured in a 30 cm ice core. Therefore these
values can not be compared with values from 2 cm or 10 cm sections
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ikaite inhibitors such as phosphate are suggested to be responsible (Gal et al., 1996).
This and other possible biogeochemical processes have to be analyzed in further studies
to unravel the precipitation of the mineral ikaite and its impact on the CO2 cycle in
polar regions.

5.2.3 Ikaite in firn ice

Primarily the ice cores in continental firn-ice were taken to provide evidence that ikaite
only develops within sea ice in polar regions. However, small amounts of ikaite were
found. Since there is no carbonate system in Antarctic firn ice like in sea ice or brine
in which chemical processes take place there must be another source of the mineral.
These findings support the hypothesis of Sala et al. (2008) that calcium carbonates
derive from sea ice surface. The minerals seem to be transported by aeolian processes
to the continent. Even events of air mass advection from the sea ice surface to the
continent are rare but likely to occur (Sala et al., 2008). This hypothesis is furthermore
supported by the finding of ikaite in snow samples from the sea ice. This snow can
easily be ”eroded” by aeolian processes and transported to firn ice.

Considering the main wind direction and events of catabatic winds from inland and
the finding of ikaite in the top layer of sea ice and in snow samples, I assume that most
of the precipitated calcium carbonate will be transported to the open sea. But this too
remains inconclusive.

5.2.4 Spatial distribution

In section 4.3.6 a almost homogeneous distribution of ikaite in sea ice is shown. How-
ever, this is interrupted by several spots where significantly higher values of the mineral
were observed. Since the sea ice was more than 70 cm thick at the beginning of the
study, the thickness reduced to a value of around 30 cm. This shows a massive thawing
and that sea ice can be considered as rotten at this stage. Therefore this experiment
should be repeated, since this one determination could only be seen as snapshot at this
special time. In sections of lower values, ikaite might have been transported already to
the underlying water column, thus falsifying this experiment.

5.2.5 Significance for the CO2 cycle in polar regions

Jones and Coote (1981) describe CO2 fluxes from the near surface to deeper regions of
the ocean due to preferential precipitation of salt from brines formed during the pro-
duction of sea ice. Similar to Rysgaard et al. (2007) the described fluxes represent a
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Table 5.1: Amount of ikaite in selected types of sea ice

Type of ice mg ikaite mmol/m2 ikaite

ROV3 young fast-ice 0.168 0.0127
ROV4 young fast-ice 0.995 0.0751
ROV6 young fast-ice 1.217 0.0918
ROV7 young fast-ice 1.394 0.1052
ROV9 young fast-ice 2.137 0.1614
ROV13 young fast-ice 3.372 0.2546
ROV15 single-year ice 49.427 3.7330
SIPEX1 pack ice 0.455 0.03440
SIPEX2 pack ice 5.667 0.4280
SIPEX4 pack ice 0.422 0.03187
SIPEX5 pack ice 3.963 0.2993
SIPEX6 pack ice 1.123 0.0848

CO2 ”pump”, where in summer CO2 is transferred from the atmosphere into the ocean,
and in winter it is transferred from the surface of the ocean to deeper regions. Since
they could not rely on any measurements, they used laboratory data to calculate the
annual flux of CO2 in regions with sea ice. They calculated 6 · 103 mol·a−1 CO2 for
both the arctic and the antarctic regions. However, they stated that their laboratory
results which they used in their calculation may not be entirely representative of nat-
ural conditions. Therefore, this study represents the first calculation which bases on
measurements on natural sea ice.

The amount of ikaite in sea ice is calculated from the values obtained in section
4.3 and the area of the ice corer. The area of the ice corer is 63.62 cm2. Table 5.1
shows the concentrations of ikaite in different types of sea ice. The concentration of
CO2, which is produced during the precipitation of CaCO3·6H2O, is the same as the
concentration of ikaite. When one mol calcium carbonate precipitates, one mol CO2 is
produced (Papadimitriou et al., 2004). Obviously there are huge variations among the
values. However, the values for CO2 assumed by Jones and Coote (1981) can not be
verified. If one would assume a homogeneous distribution of ikaite within the sea ice
and take the area of the maximum arctic and antarctic ice cover of about 28.5 ·106 km2

(Comiso, 2003) into account, the calculated values are smaller than those of Jones
and Coote (1981). The calculated values of CO2 range between 9.08 · 108 mol·a−1 and
1.06 ·1011mol·a−1. If one assumes that in the entire sea ice column the same amount of
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CaCO3 precipitates as in the first 10 cm of the sea ice (see section 4.3.2) and only due
to the structure of sea ice large amounts of the mineral are transfered to the underlying
water column, one would get much higher values. Taking the highest amount of ikaite
which was found in sea ice one would get 1.93 · 1012 mol·a−1 CO2. Even this value
would be less than 1 per cent of the total carbon dioxide entering the ocean (Jones and
Coote, 1981). However, to calculate reliable values of the CO2 flux it is necessary to
fully assess the processes leading to the precipitation of calcium carbonate within sea
ice. Especially if one considers that there is an additional temporal variation of the
amount of ikaite. This variation could eventually lead to further production of CO2

which is then released to the ocean.

5.3 Conclusion

This study presents the amount of ikaite in young land-fast ice off Adélie Land and
pack ice in the Southern Ocean. A spatial and temporal distribution of the mineral
within Antarctic sea ice is provided. At the same location off Adélie Land and at
the same time as the occurrence of precipitated CaCO3 was investigated, this study
analyses the carbonate chemistry within brine solution.

Supporting the assumptions of Rysgaard et al. (2007) (see section 1) the study also
shows difficulties in the calculation of the species of the carbonate system within hy-
persaline solutions. Therefore dissociation constants for carbonic acid, which are valid
on a large range between 35 and beyond 100 psu as well as at subzero temperatures,
need to be determined before a true appreciation of the role of CaCO3 precipitation
towards a sea ice driven carbon pump can be assessed. Furthermore I assume that
during sea ice warming when the ice gets porous CO2 also might be released to the
atmosphere. However, this question needs further investigation.

Regarding the mineral ikaite, the study is the first to give an overview on the spatial
distribution in Antarctic sea ice. Presenting the surprising occurrence of the mineral
within samples of the snow cover of sea ice, this supports the assumptions of Sala et al.
(2008) that ikaite in firn ice originates from sea ice when the mineral is transported
as aerosol due to atmospheric processes. Therefore, additional to the recommended
replication of the determination of the spatial distribution of CaCO3 (see section 5.2.4),
this should be studied on a larger scale. This enables modelers to include quantitative
data when modeling the occurrence and frequency of air mass trajectories capable of
transporting particles from the sea ice surface to Antarctic inland. Furthermore, the
quantitative data of the spatial distribution of ikaite throughout polar regions would
allow an appreciation to which extend calcium carbonate contributes to the polar and
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global carbon cycle and ikaite could act as a proxy for sea ice cover.
The study highlights on several occasions that the observed data are measured at

different scales causing problems in comparability among the data sets. Existing data
and data provided in this study with respect to the biogeochemical composition of sea
ice present a high degree of spatial and temporal heterogeneity. A large part of this
variability is caused by the difference in abundance, size, and shape of brine pockets,
as well as their degree of connectivity within the ice column. The used sampling pro-
tocol in this study using the sackhole method describes brine properties, but provides
integrations of these properties over an unknown spatial scale within the ice column
(see also Gleitz et al. (1995); Papadimitriou et al. (2007), and Kennedy and Thomas,
personal comm.). This does not offer a satisfactory resolution of sea ice brine prop-
erties over small and known spatial scales. Kennedy and Thomas (personal comm.)
suggest a novel method providing data on the scale of brine pockets (µm to mm) using
ikaite crystals which grow in these brine pockets. Using the isotopic composition of
oxygen (δ18O) and carbon (δ13C) of carbonate minerals one could reconstruct different
features of the chemistry within sea ice. Thereby one could for example determine the
ocean temperature at which ikaite precipitates using the δ18O of carbonate minerals
(δ18OCaCO3

) (Kim et al., 2007) or the δ13C of the DIC in the ambient brine (δ13Cbrine)
(Romanek et al., 1992). Following from these parameters one can investigate the pro-
cesses that have influenced the carbon chemistry of the brine at a scale representative
of natural features in the ice (Kennedy and Thomas, personal comm.). However, this
shows once more that the importance of small-scale processes extends far beyond the
obvious well studied problems (Eicken, 2003). Much work is needed in the future for
the assessment of the chemical properties of sea ice and the mechanisms leading to the
precipitation of ikaite. One major question is whether CaCO3 is precipitated in Arctic
sea ice?
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Appendix B

Data from the sampling site off Adélie

Land

B.1 Air temperature, salinity and temperature of sea

ice brine

Table B.1: Salinity and temperature of sea ice brine and air temperature

Sample Name Date Tair maximum ◦C TBrine in ◦C Salinity

ROV2 #1 13/11/07 -3.5 -5 86
ROV2 #2 13/11/07 -3.5 -4.7 87
ROV2 #3 13/11/07 -3.5 -4.8 84
ROV3 #1 14/11/07 -4.8 -4.75 81
ROV3 #2 14/11/07 -4.8 -4.7 76
ROV3 #3 14/11/07 -4.8 -4.75 74
ROV4 #1 17/11/07 -3.2 -4.05 75
ROV4 #2 17/11/07 -3.2 -4 76
ROV4 #3 17/11/07 -3.2 -3.95 76
ROV5 #1 18/11/07 -2.2 -3.9 71
ROV5 #2 18/11/07 -2.2 -3.95 76
ROV5 #3 18/11/07 -2.2 -3.95 76
ROV6 #1 23/11/07 -3.2 -4.05 73
ROV6 #2 23/11/07 -3.2 -3.95 74
ROV6 #3 23/11/07 -3.2 -4.05 75
ROV8 #1 25/11/07 -2.6 -2.05 41

89
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Sample Name Date Tair maximum ◦C TBrine in ◦C Salinity

ROV8 #2 25/11/07 -2.6 -2.45 45
ROV8 #3 25/11/07 -2.6 -2.5 48
ROV9 #1 27/11/07 0.1 -3.6 65
ROV9 #2 27/11/07 0.1 -3.65 66
ROV9 #3 27/11/07 0.1 -3.45 64
ROV11 #1 30/11/07 -3.3 -3.9 71
ROV11 #2 30/11/07 -3.3 -3.9 72
ROV11 #3 30/11/07 -3.3 -4.05 73
ROV13 #1 03/12/07 -2.3 -2.6 40
ROV13 #2 03/12/07 -2.3 -2.7 46
ROV13 #3 03/12/07 -2.3 -2.6 46

B.2 Calculated concentration of H+
SWS

Table B.2: Calculated concentration of H+
SWS using fH from section 4.2.2

Sample Name Date pHNBS fH(S,T) [H+]SWS in mol/l

ROV3 #1 14/11/07 8.472 0.970 3.47783412 ·10−9

ROV3 #2 14/11/07 8.467 0.954 3.57603328 ·10−9

ROV3 #3 14/11/07 8.522 0.948 3.17056523 ·10−9

ROV4 #1 17/11/07 8.666 0.948 2.27542963 ·10−9

ROV4 #2 17/11/07 8.639 0.951 2.41402551 ·10−9

ROV4 #3 17/11/07 8.648 0.951 2.36503597 ·10−9

ROV5 #1 18/11/07 8.905 0.935 1.33067587 ·10−9

ROV5 #2 18/11/07 8.697 0.951 2.1126996 ·10−9

ROV5 #3 18/11/07 8.802 0.951 1.65896701 ·10−9

ROV6 #1 23/11/07 9.353 0.942 4.7088214 ·10−10

ROV6 #2 23/11/07 9.113 0.945 8.1597810 ·10−10

ROV6 #3 23/11/07 9.134 0.948 7.7457488 ·10−10

ROV8 #1 25/11/07 9.354 0.834 5.3037625 ·10−10

ROV8 #2 25/11/07 9.400 0.849 4.6915618 ·10−10

ROV8 #3 25/11/07 9.347 0.858 5.2417618 ·10−10

ROV9 #1 27/11/07 8.478 0.915 3.63407458 ·10−9
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Sample Name Date pHNBS fH(S,T) [H+]SWS in mol/l

ROV9 #2 27/11/07 8.481 0.919 3.59605465 ·10−9

ROV9 #3 27/11/07 8.530 0.912 3.23718187 ·10−9

ROV11 #1 30/11/07 8.536 0.935 3.11223429 ·10−9

ROV11 #2 30/11/07 8.275 0.938 5.65763781 ·10−9

ROV11 #3 30/11/07 8.530 0.942 3.13265246 ·10−9

ROV13 #1 03/12/07 8.680 0.838 2.49352079 ·10−9

ROV13 #2 03/12/07 8.760 0.857 2.02798524 ·10−9

ROV13 #3 03/12/07 8.088 0.856 9.53405611 ·10−9

B.3 Total alkalinity

Table B.3: Total alkalinity in µmol/l

Sample Name Date Total Alkalinity

ROV3 #1 14/11/07 5616.13
ROV3 #2 14/11/07 5671.62
ROV3 #3 14/11/07 5672.03
ROV4 #1 17/11/07 4802.84
ROV4 #2 17/11/07 4875.94
ROV4 #3 17/11/07 4825.49
ROV5 #1 18/11/07 4948.9
ROV5 #2 18/11/07 5105.02
ROV5 #3 18/11/07 5042.44
ROV6 #1 23/11/07 4746.13
ROV6 #2 23/11/07 4744.25
ROV6 #3 23/11/07 4709.42
ROV8 #1 25/11/07 2732.23
ROV8 #2 25/11/07 3068.32
ROV8 #3 25/11/07 3128.12
ROV9 #1 27/11/07 4484.54
ROV9 #2 27/11/07 4283.98
ROV9 #3 27/11/07 4383.5
ROV11 #1 30/11/07 4653.12
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Sample Name Date Total Alkalinity

ROV11 #2 30/11/07 4659.36
ROV11 #3 30/11/07 4565.3
ROV13 #1 03/12/07 1987.98
ROV13 #2 03/12/07 2405.69
ROV13 #3 03/12/07 2350.35

Seawater sample 04/12/07 2218.39
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Appendix D

Amount of the mineral ikaite in sea ice

Table D.1: Quantity of ikaite in sea ice in the Southern Ocean

Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

Iceberg core 101206 core section #2 0.28172724 0.12
iceberg core 101207, core section #1 0.15358148 0.07
Icecore 101207 iceberg core section #3 0.1745105 0.09
Prud’ homme snow - 281107 0.12763714 0.13
ROV#6 CAC core can #5 20-30 0.10945075 0.18
ROV12 #25 20x20 Bio74 - 021207 0.09702853 0.18
ROV12 20x20 #1 135 - 021207 0.31179633 0.57
ROV12 20x20 #10 CAC9 - 021207 0.21967485 0.41
ROV12 20x20 #11 PR7 - 021207 0.03055119 0.05
ROV12 20x20 #12 DR5 - 021207 0.13428289 0.23
ROV12 20x20 #13 Bio34 - 021207 0.66072025 1.06
ROV12 20x20 #14 Prud1 - 021207 0.17191898 0.3
ROV12 20x20 #15 Pr6 - 021207 0.03488752 0.06
ROV12 20x20 #16 D15 - 021207 0.34061687 0.55
ROV12 20x20 #17 CAC1 021207 0.74505651 1.28
ROV12 20x20 #18 Bio29 - 021207 1.41470938 2.26
ROV12 20x20 #19 Bio62 - 021207 0.0960626 0.17
ROV12 20x20 #2 PR3 - 021207 0.20125996 0.33
ROV12 20x20 #20 PR4 - 021207 1.1494926 1.88
ROV12 20x20 #21 Bio69 - 021207 1.33463291 2.15
ROV12 20x20 #22 Bio80 - 021207 0.16345416 0.27

96



APPENDIX D. AMOUNT OF THE MINERAL IKAITE IN SEA ICE 97

Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

ROV12 20x20 #23 Bio70 - 021207 0.8385324 1.4
ROV12 20x20 #24 PR8 - 021207 0.12647899 0.21
ROV12 20x20 #3 Bio37 - 021207 0.07345169 0.12
ROV12 20x20 #4 D12 - 021207 0.5825124 0.91
ROV12 20x20 #5 z - 021207 2.39459742 3.93
ROV12 20x20 #6 PR2 - 021207 0.07008656 0.11
ROV12 20x20 #7 Bio61 0.09154446 0.15
ROV12 20x20 #9 209 - 021207 0.32576286 0.56
ROV12 20x20 Bio91 #8 - 021207 0.27165232 0.46
ROV13 CAC Core CA6 #6 45-52 - 031207 2.32013359 3.54
ROV13 CAC core CAC #4 - 031207 0.01434085 0.03
ROV13 CAC core CAC3 - 031207 0.17995092 0.4
ROV13 CAC core CAC5 - 031207 0.80560806 3.66
ROV13 CAC2 - 031207 0.05155221 0.11
ROV15 2cm sect. 7 8-10cm - 051207 9.12635163 55.31
ROV15 ACA 2cm sect. 223 2-4cm - 051207 4.97915206 76.6
ROV15 CAC 2 cm sect. Bio12 4-6 8.5686141 73.87
ROV15 CAC 2 sect. 5-15 14-16 1.33390529 8.95
ROV15 CAC 2cm sect Bio32 6-8cm - 051207 11.9285453 125.56
ROV15 CAC 2cm sect. CAC8 10-12 0.87331761 4.41
ROV15 CAC 2cm sect. Sp7 12-14 - 051207 6.24470772 41.08
ROV15 CAC Bulk #1 - 051207 52.8920859 25.8
ROV15 Thin section 15-25 - 0-2 cm - 051207 6.37246242 104.47
ROV3 141107 #2 CAC 1.75045155 0.98
ROV3 141107 10-20 CAC Bio111 0.01984038 0.03
ROV3 141107 Bio56 CAC 40-50 0.03601437 0.06
ROV3 141107 CAC 20-30 Bio70 0.01357121 0.02
ROV3 30-40 Bio34 CAC 141107 0.01405106 0.02
ROV3 60-65 141107 CAC Bio23 0.02780401 0.08
ROV3 Bio69 50-60 141107 0.01882874 0.03
ROV3 CAC #1 141107 2.44778493 1.59
ROV3 CAC #3 141107 0.9231254 0.52
ROV3 CAC 0-20 209 141107 0.03825258 0.06
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Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

ROV3 CAC 135 - 141107 snow/ice 0.30104579 1.2
ROV4 Bulk #1 171107 2.14875634 1.28
ROV4 CAC Bulk #2 171107 0.89986163 0.49
ROV4 CAC Bulk #3 171107 0.48457069 0.26
ROV4 CAC core # 7 - 171107 0.19139313 0.28
ROV4 CAC core #2 171107 0.14458717 0.25
ROV4 CAC core #3 - 171107 0.07284918 0.12
ROV4 CAC core #4 171107 0.0217203 0.04
ROV4 CAC core #5 171107 0.02230192 0.04
ROV4 CAC core #6 171107 0.04504007 0.07
ROV4 CAC core #8 171107 0.49734519 4.97
ROV4 Oberfläche 171107 25.5837878 93.03
ROV5 #1 CAC Bulk 181107 0.7868085 0.4
ROV5 #2(1) 191107 CAC Bulk 0.32062399 0.18
ROV5 181107 #3 CAC Bulk 0.15119816 0.08
ROV5 CaCO3 scratch 0.0025m2 43.1964157 39.27
ROV6 3 40-50 CAC core 231107 0.05959638 0.1
ROV6 4 30-40 CAC core - 231107 0.00635018 0.01
ROV6 6-8cm surface D12 - 231107 0.34580967 2.47
ROV6 Bio23 2-4cm - 231107 8.54892668 85.49
ROV6 CAC Bulk #2 231107 5.00586754 1.22
ROV6 CAC Bulk #3 231107 5.90043399 1.46
ROV6 CAC Bulk1 - 231107 4.19498405 1.01
ROV6 CAC core #6 10-20 -231107 0.01546048 0.03
ROV6 CAC core #7 0-20 - 231107 0.99525846 3.11
ROV6 CAC core No. 2 50-60 - 231107 0.03065506 0.05
ROV6 surface 0-2 111 - 231107 1.43948006 22.15
ROV6 surface 135 4-6cm 0.1714411 1.22
ROV6 surface Bio74 8-10 - 231107 0.09386059 0.72
ROV7 135 10-12 Surface - 241107 0.02937237 0.21
ROV7 209 4-6 ice surface - 241107 0.21409176 3.76
ROV7 Bio23 12-14 surface ice 241107 0.14263445 1.06
ROV7 Bio66 20-30 CAC core - 241107 0.02354931 0.04
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Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

ROV7 Bio69 8-10 surface ice 0.07375804 0.52
ROV7 Bio70 12-14cm snow/ice surface 0.2419277 1.79
ROV7 CAC core Bio 32 10-20 241107 0.13495409 0.23
ROV7 CAC core Bio113 30-40 - 241107 0.0208318 0.04
ROV7 CAC core Bio12 40-50 0.02394608 0.04
ROV7 CAC core Bio16 50-60 - 241107 0.05098578 0.09
ROV7 CAC core DMSP-ED 0-10 241107 1.16289685 2.45
ROV7 CAC9 ice 0-2 cm surface 241107 11.3167967 103.82
ROV7 D12 14-16 surface snow - 241107 0.08850138 0.63
ROV7 D15 10-12 surface snow - 241107 0.07439681 0.53
ROV7 Ice surface CA1 6-8 - 241107 0.21094998 1.51
ROV7 surface 241107 Bio62 2-4cm snow 0.53265875 11.1
ROV7 Surface Bio34 8-10 - 241107 1.21633402 9.21
ROV7 surface Bio80 snow 4-6 - 241107 0.57789027 10.14
ROV7 Surface CAC8 241107 2-4 cm ice 0.81859022 5.76
ROV7 Surface No Bio74 snow 0-2cm 241107 0.67598797 16.09
ROV7 surface snow/ice 241107 Bio 111 6-6 2.55849986 38.77
ROV8 Sackhole #1 Bulk - 251107 3.02966404 1.59
ROV8 Sackhole Bulk #2 - 251107 1.83617266 1.01
ROV8 Sackhole Bulk #3 251107 3.77902716 2.15
ROV8 snow sample 251107 0.4809355 0.27
ROV9 CAC Bulk # 2 271107 1.17100109 0.71
ROV9 CAC Bulk #1 271107 1.19919897 0.67
ROV9 CAC Bulk #3 - 271107 0.35578221 0.2
ROV9 CAC core cac # 5 20-30 271107 0.12046014 0.21
ROV9 CAC core CAC #3 40-50 271107 0.05950809 0.1
ROV9 CAC core CAC #4 30-40 - 271107 0.01855872 0.03
ROV9 CAC core CAC #6 10-20 - 271107 0.15848423 0.26
ROV9 CAC core CAC#2 50-60 - 241107 0.02727413 0.05
ROV9 CAC core CAC#7 0-10 271107 1.75345279 5.01
ROV9 D15 Snow sample - 271107 1.83218576 4.95
ROV9 snow 40cm Bio 29 271107 0.01068644 0.02
SIPEX V1 2007/2008 A. Krell #1 221 0.10051816 0.16
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Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

SIPEX V1 2007/2008 A. Krell #1 222 0.04553335 0.07
SIPEX V1 2007/2008 A. Krell #1 34 0.08008325 0.13
SIPEX V1 2007/2008 A. Krell #1 D14 0.12073526 0.22
SIPEX V1 2007/2008 A. Krell #10 109 0.02387699 0.04
SIPEX V1 2007/2008 A. Krell #10 116 0.02059701 0.03
SIPEX V1 2007/2008 A. Krell #10 201 0.05489664 0.1
SIPEX V1 2007/2008 A. Krell #10 224 0.30166909 0.55
SIPEX V1 2007/2008 A. Krell #10 D14 0.03076929 0.05
SIPEX V1 2007/2008 A. Krell #10 D16 0.05342693 0.09
SIPEX V1 2007/2008 A. Krell #11 1 0.02744052 0.05
SIPEX V1 2007/2008 A. Krell #11 33 0.03007865 0.05
SIPEX V1 2007/2008 A. Krell #11 34 0.03200004 0.05
SIPEX V1 2007/2008 A. Krell #11 D12 0.0198305 0.04
SIPEX V1 2007/2008 A. Krell #12 1 0.02981379 0.05
SIPEX V1 2007/2008 A. Krell #12 109 0.03721396 0.07
SIPEX V1 2007/2008 A. Krell #12 116 0.05466805 0.1
SIPEX V1 2007/2008 A. Krell #12 221 0.01803523 0.03
SIPEX V1 2007/2008 A. Krell #12 33 0.01595692 0.03
SIPEX V1 2007/2008 A. Krell #12 34 0.03253498 0.06
SIPEX V1 2007/2008 A. Krell #12 D14 0.04680567 0.08
SIPEX V1 2007/2008 A. Krell #12 D18 0.05879668 0.1
SIPEX V1 2007/2008 A. Krell #12 D3 0.03373983 0.06
SIPEX V1 2007/2008 A. Krell #13 118 0.03337631 0.06
SIPEX V1 2007/2008 A. Krell #13 135 0.03292963 0.06
SIPEX V1 2007/2008 A. Krell #13 222 0.10488048 0.17
SIPEX V1 2007/2008 A. Krell #13 224 0.03341781 0.06
SIPEX V1 2007/2008 A. Krell #13 D17 0.02389777 0.04
SIPEX V1 2007/2008 A. Krell #14 109 0.21464805 0.41
SIPEX V1 2007/2008 A. Krell #14 201 0.04619809 0.09
SIPEX V1 2007/2008 A. Krell #14 33 0.03021364 0.05
SIPEX V1 2007/2008 A. Krell #14 34 0.01314174 0.03
SIPEX V1 2007/2008 A. Krell #14 50 0.82575693 1.56
SIPEX V1 2007/2008 A. Krell #14 D14 0.03354244 0.06
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Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

SIPEX V1 2007/2008 A. Krell #14 D14 0.01164198 0.02
SIPEX V1 2007/2008 A. Krell #2 1 0.13533333 0.28
SIPEX V1 2007/2008 A. Krell #2 33 0.05194173 0.09
SIPEX V1 2007/2008 A. Krell #2 D15 5.41124052 9.49
SIPEX V1 2007/2008 A. Krell #2 D3 0.06891287 0.11
SIPEX V1 2007/2008 A. Krell #3 109 0.17497249 0.3
SIPEX V1 2007/2008 A. Krell #3 15 1.30851518 2.08
SIPEX V1 2007/2008 A. Krell #3 27 0.09432297 0.14
SIPEX V1 2007/2008 A. Krell #4 1 0.02154061 0.04
SIPEX V1 2007/2008 A. Krell #4 109 0.06039612 0.11
SIPEX V1 2007/2008 A. Krell #4 15 0.08446631 0.15
SIPEX V1 2007/2008 A. Krell #4 224 0.06552171 0.12
SIPEX V1 2007/2008 A. Krell #4 27 0.06756789 0.12
SIPEX V1 2007/2008 A. Krell #4 33 0.12252179 0.22
SIPEX V1 2007/2008 A. Krell #5 116 2.43038959 4.08
SIPEX V1 2007/2008 A. Krell #5 135 0.56641372 1.05
SIPEX V1 2007/2008 A. Krell #5 43 0.17630675 0.31
SIPEX V1 2007/2008 A. Krell #5 C7 0.16406135 0.26
SIPEX V1 2007/2008 A. Krell #5 D12 0.41248962 0.76
SIPEX V1 2007/2008 A. Krell #5 D17 0.15229379 0.25
SIPEX V1 2007/2008 A. Krell #5 D18 0.0608946 0.11
SIPEX V1 2007/2008 A. Krell #6 1 0.02756515 0.05
SIPEX V1 2007/2008 A. Krell #6 135 0.01328713 0.02
SIPEX V1 2007/2008 A. Krell #6 15 0.15696773 0.26
SIPEX V1 2007/2008 A. Krell #6 224 0.10863018 0.18
SIPEX V1 2007/2008 A. Krell #6 27 0.05594049 0.09
SIPEX V1 2007/2008 A. Krell #6 33 0.0103141 0.02
SIPEX V1 2007/2008 A. Krell #6 43 0.33412611 0.59
SIPEX V1 2007/2008 A. Krell #6 D12 0.02439579 0.04
SIPEX V1 2007/2008 A. Krell #6 D17 0.50040907 0.84
SIPEX V1 2007/2008 A. Krell #7 221 0.05573794 0.11
SIPEX V1 2007/2008 A. Krell #7 222 0.04472332 0.08
SIPEX V1 2007/2008 A. Krell #7 34 0.10015474 0.17
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Sample name ikaite total in
Sample

ikaite in mg/l
melted ice

SIPEX V1 2007/2008 A. Krell #7 D16 0.01522626 0.03
SIPEX V1 2007/2008 A. Krell #7 D3 0.01938701 0.03
SIPEX V1 2007/2008 A. Krell #8 116 0.06784825 0.11
SIPEX V1 2007/2008 A. Krell #8 201 0.17410519 0.29
SIPEX V1 2007/2008 A. Krell #8 224 0.02344177 0.08
SIPEX V1 2007/2008 A. Krell #8 D14 0.05406564 0.09
SIPEX V1 2007/2008 A. Krell #9 135 0.05494857 0.1
SIPEX V1 2007/2008 A. Krell #9 221 0.44676424 0.79
SIPEX V1 2007/2008 A. Krell #9 222 0.02253563 0.04
SIPEX V1 2007/2008 A. Krell #9 34 0.0245895 0.04
SIPEX V1 2007/2008 A. Krell #9 43 0.02700434 0.05
SIPEX V1 2007/2008 A. Krell #9 D12 0.03860577 0.07
SIPEX V1 2007/2008 A. Krell #9 D17 0.02742495 0.05
SIPEX V1 2007/2008 A. Krell #9 D3 0.04075055 0.07
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