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Abstract
Ikaite (CaCO3•6H2O) is a metastable calcium carbonate mineral that forms in all types of
sea ice that may play a significant role in the sea ice driven carbon pump, particularly with the
increasing abundance of seasonal sea ice in the Arctic. Due to difficulties in determining its
concentration and abundance, the spatial and temporal dynamics, and therefore the significance,
of ikaite are poorly understood. To improve knowledge of ikaite in sea ice, a new method of
quantification using dissolved inorganic carbon (DIC) analysis was developed and tested at the
Sea-ice Environmental Research Facility (SERF), at Station Nord, Greenland, and at Cambridge
Bay, Nunavut. Environmental parameters, including temperature, salinity, total alkalinity (TA),
and DIC were also measured at all sampling sites. Ikaite concentrations ranged from 8 to
2595 µmol kg-1 and were generally highest in low temperature, high salinity sea ice with high
TA:DIC ratios. Results indicate that the new method of ikaite quantification is an effective
technique that can be used in the future to improve understanding of ikaite and its role in carbon
dynamics in ice covered seas.

i

Acknowledgements
First of all, many thanks to my advisor, Dr. Søren Rysgaard, for his help and support over
the last three years. Thanks also to Dr. Feiyue Wang for being willing to help out when he was
needed.
I would also like to give a big thank you to everyone who helped me with my field work,
especially Brian, Ditte, and Jesper in Station Nord and Brent, Laura, Vishnu, Patrick, Nishu,
Ryan, and Colin in Cambridge Bay. I would especially like to thank Jesper for his endless energy
and impressive snow shovelling skills and Laura for being so entertaining in the lab late at night.
Thanks to Marcos for his endless patience and his help with all the lab work. I really
appreciate all his hard work and his amazing ability to fix the DIC machine every time it breaks.
Finally, I would like to thank Brent and Brooklyn for feeding my cats when I was in the
field and Mrs. Sigurdson and Johnny for reminding them to feed my cats when I was in the field.

ii

Table of Contents
Abstract ...................................................................................................................................... i
Acknowledgements ................................................................................................................ii
Table of Contents ..................................................................................................................iii
List of Tables ........................................................................................................................... v
List of Figures ........................................................................................................................ vi
Chapter 1: Introduction ...................................................................................................... 1
1.1 The global carbon cycle............................................................................................... 1
1.1.1 Overview ........................................................................................................... 1
1.1.2 Air-sea carbon fluxes ........................................................................................ 1
1.1.3 The Arctic marine carbon cycle ........................................................................ 2
1.2 Ikaite ............................................................................................................................. 6
1.3 Mineral authigenesis in sea ice ................................................................................... 9
1.3.1 Overview ........................................................................................................... 9
1.3.2 Ikaite precipitation in sea ice .......................................................................... 10
1.4 Techniques for quantifying ikaite in sea ice............................................................ 14
1.5 Objectives ................................................................................................................... 16
1.6 References .................................................................................................................. 17
Chapter 2: Methods ............................................................................................................ 21
2.1 Field work................................................................................................................... 21
2.2 Data collection and sample preparation.................................................................. 23
2.2.1 Image analysis................................................................................................. 23
2.2.2 DIC analysis of filtered crystals...................................................................... 24
2.3 Data analysis and processing .................................................................................... 26
2.3.1 Image analysis................................................................................................. 26
2.3.2 DIC analysis of filtered crystals...................................................................... 27
2.3.3 Salinity, TA, and DIC ...................................................................................... 27
2.4 References .................................................................................................................. 30
Chapter 3: Quantification of ikaite in first and multi year sea ice .................... 31
Abstract ............................................................................................................................ 32
3.1 Introduction ............................................................................................................... 33
3.2 Methods ...................................................................................................................... 35
3.2.1 Study sites and sampling ................................................................................. 35
3.2.2 Analysis ........................................................................................................... 36
3.2.2.1 Image analysis .................................................................................... 36
3.2.2.2 DIC and TA analysis .......................................................................... 38
3.3 Results......................................................................................................................... 39
3.3.1 Environmental data......................................................................................... 39
3.3.2 Ikaite................................................................................................................ 46
3.4 Discussion ................................................................................................................... 52
3.4.1 Relationship between ikaite and environmental data ..................................... 52
3.4.2 Effectiveness of DIC analysis of filtered crystals to quantify ikaite ............... 64
3.4.3 Influence of ikaite in ice covered seas ............................................................ 66
3.5 Conclusions ................................................................................................................ 69
iii

3.6 References .................................................................................................................. 72
Chapter 4: Conclusions...................................................................................................... 75
4.1 Summary .................................................................................................................... 75
4.2 CO2 dynamics in ice covered seas ............................................................................ 75
4.2.1 Upper sea ice layers........................................................................................ 76
4.2.2 Middle sea ice layers....................................................................................... 77
4.2.3 Bottom sea ice layers ...................................................................................... 78
4.3 References .................................................................................................................. 80

iv

List of Tables
Table 2.1: Sampling locations and sea ice types for each core collected during each field
campaign ..................................................................................................................................... 22
Table 3.1: Geographical locations and types of ice collected during the SERF 2013, Station Nord
2015, and Cambridge Bay 2016 field campaigns ....................................................................... 36
Table 3.2: Average sea ice thicknesses and ikaite concentrations in first and multi year sea ice
using image analysis and dissolved inorganic carbon analysis ................................................. 39
Table 3.3: Average chlorophyll-a abundances in the lower 5 cm of sea ice at each sampling site
..................................................................................................................................................... 45

v

List of Figures
Figure 1.1: Conceptual model of carbon fluxes in the upper 100 m of the water column in ice
covered seas during sea ice growth and decay (from Rysgaard et al., 2011) .............................. 4
Figure 1.2: Ikaite crystals in sea ice from (A) near the upper sea ice surface (0-10 cm) and (B)
near the lower sea ice surface (170-180 cm), Cambridge Bay, Nunavut, May 2016 ................... 8
Figure 1.3: Phase diagram of standard sea ice showing the temperatures at which minerals will
precipitate (from Assur, 1960) .................................................................................................... 10
Figure 1.4: Possible effects on ikaite crystals in different layers of sea ice (from Delille et al.,
2014, reproduced with permission)............................................................................................. 13
Figure 2.1: Map of Greenland and the eastern Canadian Arctic showing the sites of field
campaigns in Station Nord, Greenland in April 2015 and Cambridge Bay, Nunavut in May 2016
..................................................................................................................................................... 21
Figure 2.2: Collection of sea ice cores from Cambridge Bay, Nunavut, May 2016................... 22
Figure 2.3: Simplified diagram showing the sample preparation process when determining ikaite
concentration using image analysis ............................................................................................ 24
Figure 2.4: Simplified diagram showing the sample preparation process when determining ikaite
concentration using DIC analysis of filtered crystals ................................................................. 25
Figure 3.1: Vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) the
TA:DIC ratio in artificial sea ice, SERF, January 2013 ............................................................. 41
Figure 3.2: Vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) the
TA:DIC ratio in first year sea ice, Station Nord, Greenland, April 2015 ................................... 42
Figure 3.3: Vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) the
TA:DIC ratio in multi year sea ice, Station Nord, Greenland, April 2015 ................................. 43
Figure 3.4: Vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) the
TA:DIC ratio in first year sea ice, Cambridge Bay, Nunavut, May 2016 .................................. 44
Figure 3.5: Image of ikaite crystals and sea ice algae observed together near the bottom of sea ice
core CB-2016-06, Cambridge Bay, Nunavut, May 2016 ........................................................... 46
Figure 3.6: Average ikaite concentrations in artificial sea ice calculated using the image analysis
method, SERF, January 2013...................................................................................................... 47
Figure 3.7: Average ikaite concentrations in first year sea ice calculated using (A) image analysis
and (B) DIC analysis of filtered crystals, Station Nord, Greenland, April 2015 ........................ 49
vi

Figure 3.8: Average ikaite concentrations in multi year sea ice calculated using (a) image
analysis and (b) DIC analysis of filtered crystals, Station Nord, Greenland, April 2015........... 50
Figure 3.9: Average ikaite concentrations in first year sea ice calculated using (a) image analysis
and (b) DIC analysis of filtered crystals, Cambridge Bay, Nunavut, May 2016 ........................ 51
Figure 3.10: Ikaite concentration calculated using DIC analysis of filtered crystals plotted against
sea ice temperature...................................................................................................................... 54
Figure 3.11: Ikaite concentration calculated using DIC analysis of filtered crystals plotted against
bulk sea ice salinity..................................................................................................................... 56
Figure 3.12: Ikaite concentration calculated using DIC analysis of filtered crystals plotted against
TA ............................................................................................................................................... 58
Figure 3.13: Ikaite concentration calculated using DIC analysis of filtered crystals plotted against
DIC.............................................................................................................................................. 59
Figure 3.14: Ikaite concentration calculated using DIC analysis of filtered crystals plotted against
the TA:DIC ratio ......................................................................................................................... 60
Figure 3.15: Vertical profile for sea ice core CB-2016-06: (A) temperature and bulk salinity, (B)
TA and DIC, (C) TA:DIC ratio, and (D) ikaite concentration.................................................... 63

vii

Chapter 1: Introduction
1.1 The global carbon cycle
1.1.1

Overview
Biogeochemical greenhouse gases in the atmosphere, including CO 2, have increased

substantially since the beginning of the Industrial Era (i.e., 1750) as a result of anthropogenic
emissions (IPCC, 2013). Carbon dioxide is exchanged between the atmosphere, ocean surface
waters, and land. The concentration of atmospheric CO 2 has increased by 40% since the
beginning of the Industrial Era from 278 ± 5 ppm in 1750 to 390.5 ± 0.1 ppm in 2011 (IPCC,
2013). In the 2000s, atmospheric CO2 increased at a rate of 4.0 ± 0.2 PgC yr-1. The primary
causes for the increased CO2 concentrations are CO2 emissions from burning fossil fuel burning
and changes in land use (IPCC, 2013).
1.1.2

Air-sea carbon fluxes
The world’s oceans are able to store approximately 50 times more inorganic carbon than

the atmosphere, so small changes in the ocean reservoir can significantly impact atmospheric
CO2 concentrations (IPCC, 2013). Atmospheric CO 2 is exchanged with surface ocean waters
through gas exchange when there is a difference in partial pressure of CO 2 (pCO2) between the
atmosphere and the ocean (Parmentier et al., 2013). When the pCO2 of the surface waters is
lower than that of the atmosphere, the ocean acts as a CO 2 sink (Parmentier et al., 2013). In the
ocean, approximately 38 000 PgC is available as dissolved inorganic carbon (DIC) (IPCC, 2013),
which is defined according to Equation 1.1 (Geilfus et al., 2012):
DIC = [CO ] + [CO ] + [HCO ]

(1.1)

Approximately 1.9 PgC yr-1 is taken up by the world’s oceans annually (IPCC, 2013). In
the ocean, carbon is transported by three main mechanisms. The first is the solubility pump,
1

which enhances CO2 uptake by the ocean when seawater cools, increasing the solubility of CO 2
and lowering the pCO2. In addition, colder waters are denser, which promotes downwelling and
removes CO2 from the surface ocean (Parmentier et al., 2013). The second mechanism driving
CO2 transport in the ocean is the biological pump, which converts DIC and nutrients to organic
matter through photosynthesis by marine phytoplankton, which enables transport of carbon from
the ocean`s surface layers to the deep ocean (IPCC, 2013). The marine carbonate pump
transports carbon by the formation of calcareous shells by microorganisms, which dissolve at
depth producing DIC and Ca2+. The formation of calcareous shells produces dissolved CO 2
molecules, increasing pCO2 of the surface waters and releasing CO2 to the atmosphere (IPCC,
2013). In sea ice covered seas, a fourth mechanism, known as the sea ice carbon pump, also
drives air-sea CO2 exchange (Chapter 1.1.3; Rysgaard et al., 2011).
1.1.3

The Arctic marine carbon cycle
The Arctic Ocean is relatively small (~10.7x106 km2) and is almost completely

landlocked. The Bering Strait, Canadian Archipelago, Fram Strait, and Norwegian Sea allow
exchanges between the Arctic, Atlantic, and Pacific Oceans (Bates and Mathis, 2009). Relatively
shallow (<200 m) continental shelves, comprising 53% of the area of the ocean, surround the
central basin of the Arctic Ocean, which makes it unique compared to other ocean basins (Bates
and Mathis, 2009). The Arctic Ocean is an important CO 2 sink, taking up between 66 and
199 TgC yr-1, representing 5 to 14% of the global balance of CO2 sources and sinks (Bates and
Mathis, 2009). In the winter, the Arctic Ocean is covered by sea ice with thick multi year ice in
the centre and thinner first year sea ice across the continental shelves (Bates and Mathis, 2009).
Multi year sea ice extent is currently rapidly decreasing, and the minimum sea ice extent
decreased by 13.4% decade-1 from 1979 to 2015 (Galley et al., 2016).

2

In the open Arctic Ocean, carbon is transported by the continental shelf pump, which is a
combination of the solubility and biological pumps (Parmentier et al., 2013; Chapter 1.1.2). Until
recently, it was thought that sea ice cover would prevent all air-sea gas exchange (e.g., Tison et
al., 2002), but it has been determined that processes driving gas exchange are active throughout
the sea ice season (e.g., Rysgaard et al., 2007; 2009; 2011). In sea ice-covered seas, transport of
CO2 is driven by the sea ice carbon pump (e.g., Rygsaard et al., 2011; Grimm et al., 2016).
Changes in sea ice porosity and ultimately temperature and bulk salinity (Cox and
Weeks, 1983) will have a significant impact on the sea ice driven carbon pump. As air and
surface oceanic temperatures decrease, porous sea ice will begin to form (Fig. 1.1; Rysgaard et
al., 2011). As a result of ice formation, dissolved components in seawater, including DIC, TA,
and dissolved salts, are concentrated in the pore spaces (Grimm et al., 2016). The physical
concentration of dissolved salts during ice formation causes supersaturation of the brine with
respect to DIC, CO2, and other gases (Rysgaard et al., 2011). Dissolved inorganic carbon and
high salinity brine are rejected from growing sea ice, resulting in desalination and a concurrent
decrease in DIC and total alkalinity (TA) concentrations in sea ice (Equations 1.1, 1.2; Rysgaard
et al., 2007). Total alkalinity refers to the capacity of seawater to neutralize an acid (Grimm et
al., 2016) and can be defined by Equation 1.2 (Geilfus et al., 2012):
TA = [HCO ] + 2[CO ] + [B(OH) ] + [OH ] − [H ]

(1.2)

At this early stage of ice formation, sea ice remains permeable to CO 2 so air-sea CO2
fluxes remain possible (Rysgaard et al., 2011). Due to the rapid cooling of the sea ice, brine
volumes rapidly decrease, causing some of the supersaturated brine to be transported to the upper
sea ice surface, resulting in a small CO 2 efflux to the atmosphere (Rysgaard et al., 2011; Geilfus
et al., 2013a). However, the majority of the brine is expelled into the under-ice seawater via
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gravity drainage (Rysgaard et al, 2007; 2011). As a result of brine rejection during ice formation,
the mixed layer below the ice is homogeneous and has elevated DIC, CO 2 concentrations, and
pCO2 relative to the sea ice (Rysgaard et al., 2007; Delille et al., 2014). If the brine density is
high enough, brine, together with DIC and CO 2, may be transported into the bottom water
(Rysgaard et al., 2007). Dissolved inorganic carbon is rejected from the sea ice matrix more
efficiently than TA, likely due to calcium carbonate precipitation (Chapter 1.3.1), resulting in
increased TA:DIC ratios in sea ice and increasing pCO2 below the sea ice (Rysgaard et al.,
2007).

Figure 1.1: Conceptual model of carbon fluxes in the upper 100 m of the water column
in ice covered seas during sea ice growth and decay (from Rysgaard et al., 2011).

4

In the winter, sea ice permeability decreases due to decreasing sea ice temperatures (Cox
and Weeks, 1983). This essentially stops air-sea gas exchange and will further increase brine
salinity and CO2(aq), resulting in brine supersaturation with respect to a series of minerals,
including ikaite (Rysgaard et al., 2007). The effect of ikaite on the sea ice driven carbon pump
during the winter months is discussed in more detail in Chapter 1.3.1.
In the spring and summer, sea ice melts, increasing brine volume and permeability (Cox
and Weeks, 1983), which increases the potential for CO 2 exchange between the air, ice, and
seawater (Fig. 1.1; Rysgaard et al., 2011). Brine is initially supersaturated with CO2, so it acts as
a source of CO2 to the atmosphere (Rysgaard et al., 2011). As sea ice continues to melt, the brine
is rapidly diluted and becomes undersaturated with respect to CO2 so will instead act as a CO2
sink (Geilfus et al., 2013a; Rysgaard et al., 2011).
The changes in the surface ocean TA and DIC during sea ice formation and decay will
influence the oceanic pCO2. If the surface ocean is supersaturated with respect to TA and DIC
and the TA:DIC ratio is low, pCO2 will increase, resulting in a flux of CO2 to the atmosphere
(Grimm et al., 2016). During sea ice melt, the TA:DIC ratio generally increases, lowering pCO2
and enhancing CO2 fluxes from the atmosphere to the ocean (Grimm et al., 2016).
Recent studies have indicated that the sea ice carbon pump has a considerable influence
on high-latitude air-sea CO2 fluxes, but only a small fraction of the global net oceanic CO 2
uptake is driven by the sea ice carbon pump (Grimm et al., 2016). This indicates that it likely
plays a more significant role on a regional scale than it does globally. However, when the Arctic
Ocean is ice free in the summer months, it is likely that CO 2 uptake driven by the sea ice carbon
pump will increase significantly (Grimm et al., 2016).
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1.2 Ikaite
Ikaite (CaCO3•6H2O) is a metastable calcium carbonate mineral that occurs in nature in
low temperature and/or high pressure environments (e.g., Suess et al., 1982; Bischoff et al.,
1993a; Buchardt et al., 2001; Dieckmann et al., 2008; 2010). It is considered thermodynamically
stable at pressures greater than 3-4 kbar (Buchardt et al., 2001) and is also considered stable at
temperatures below 4ºC (Rysgaard et al., 2012). In nature, all known occurrences of ikaite form
in locations with temperatures below 3ºC (Bischoff et al., 1993a). In order for ikaite precipitation
to be possible a solution needs to be, at least temporarily, supersaturated with respect to Ca 2+ and
HCO3-, which usually requires the addition of either Ca 2+ or HCO3- to the solution (Bischoff et
al., 1993a; Papadimitriou et al., 2014). Ikaite is a monoclinic mineral where a=8.792(2) Å,
b=8.310(2) Å, c=11.021(2) Å, and ß=110.53(5)º (Hesse et al., 1983).
Due to the metastable nature of ikaite, it is not commonly observed in nature, but it is
likely that it is more common than reported in cold water environments (Buchardt et al., 2001). It
was originally discovered as submarine tufa towers in the Ikka Fjord, Greenland (Pauly, 1963)
and is also present in tufa towers in saline lakes (e.g., Mono Lake, California; Bischoff et al.,
1993b). In both of these cases, ikaite is formed by the mixing of alkaline spring water and the
lake or seawater where the towers are located (Bischoff et al., 1993b; Buchardt et al., 2001).
Ikaite is also present in anoxic, organic-rich submarine sediments (e.g., Suess et al., 1982;
Schubert et al., 1997). In these sediments, the origin of the carbonate is the decomposition of
sedimentary organic matter (Suess et al., 1982). It is also likely that ikaite is the precursor for
glendonite (i.e., calcite) pseudomorphs found in Late Precambrian to Pleistocene cold water
sedimentary deposits (e.g., Buchardt et al., 2001; Last et al., 2013). These pseudomorphs can be
used as paleoclimate indicators of cold water conditions (Last et al., 2013). Ikaite has also been
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observed in both Arctic and Antarctic sea ice (Fig. 1.2), which will be discussed in more detail in
Chapter 1.3.2 (e.g., Dieckmann et al., 2008; 2010).

7

Figure 1.2: Ikaite crystals (circled in red) in sea ice from (a) near the upper sea ice
surface (0-10 cm) and (b) near the lower sea ice surface (170-180 cm) collected from
Cambridge Bay, Nunavut, May 2016.
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1.3 Mineral authigenesis in sea ice
1.3.1

Overview
During sea ice formation, dissolved salts are excluded from the ice crystal matrix and

concentrated in interstitial brine (Papadimitriou et al., 2014). As sea ice temperatures continue to
decrease, brine volume decreases and brine salinity and the concentration of dissolved salts
increases, causing a suite of minerals to precipitate out of sea ice brine (Fig. 1.3; Geilfus et al.,
2013b), beginning with ikaite at -2.2ºC (Figs. 1.2, 1.3; Assur, 1960). Several theoretical
pathways have been proposed for solid phases precipitating out of solution. Nelson and
Thompson (1954) experimentally determined the following sequence that precipitated during the
freezing of seawater: mirabilite (Na2SO4•10H2O) at -8.2ºC, hydrohalite (NaCl•2H2O) at -22.9ºC,
sylvite (KCl) and MgCl2•12H2O at -36ºC and antarcticite (CaCl2•6H2O) at -54ºC. Experiments
by Gitterman (1937) also suggest that gypsum (CaSO4•2H2O) can precipitate out of sea ice,
likely at approximately -15ºC. Of these minerals, ikaite (e.g., Dieckmann et al., 2010; Geilfus et
al., 2013a; 2013b; Rysgaard et al., 2013) and gypsum (Geilfus et al., 2013b) have been observed
in Arctic sea ice. In addition, ikaite (Dieckmann et al., 2008), mirabilite (Butler at al., 2016), and
hydrohalite (Carns et al., 2015) have been observed in Antarctic sea ice at temperatures below
-23ºC. The precipitation of ikaite in sea ice is discussed in more detail in Chapter 1.3.2.

9

Figure 1.3: Phase diagram of standard sea ice showing the temperatures at which
minerals will precipitate (from Assur, 1960). Ikaite (CaCO3•6H2O), gypsum
(CaSO4•2H2O; proposed by Gitterman in 1937 but not shown here), mirabilite
(Na2SO4•10H2O), and hydrohalite (NaCl•2H2O) have been observed in sea ice in
nature.
1.3.2

Ikaite precipitation in sea ice
Ikaite has been observed in Arctic, Antarctic, and artificial sea ice (e.g., Dieckmann et al.,

2008; 2010; Geilfus et al., 2013a; 2013b; Rysgaard et al., 2013; 2014). It is considered
thermodynamically viable in sea ice brine at equilibrium with atmospheric CO 2 at -4.5ºC
(Dieckmann et al., 2008). In a laboratory setting, ikaite is the only polymorph of calcium
carbonate that precipitated under all studied conditions, suggesting that it is likely the only
calcium carbonate polymorph that forms in sea ice in nature (Hu et al., 2014). Precipitation will
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occur when the ion activity products of Ca 2+ and CO32-, which are dependent on temperature and
salinity in seawater, exceed the solubility product of ikaite (Hu et al., 2014). However, the
concentration of dissolved salts due to the temperature decrease during sea ice formation is not
sufficient to precipitate ikaite in sea ice brine (Papadimitriou et al., 2014). Other factors that are
required include loss of DIC due to CO2 degassing or primary production (Papadimitriou et al.,
2014). Phosphate (PO4) is thought to inhibit the stable calcium carbonate polymorphs such as
calcite (Bischoff et al., 1993a), so it was suggested that PO4 needs to be present for ikaite to
precipitate (Geilfus et al., 2013a). However, research by Hu et al. (2014) indicates that the
presence of PO4 is not necessary for ikaite to precipitate out of seawater based solutions.
Ikaite is present in all sea ice types at all depths. However, the size and abundance of
crystals vary greatly on both regional and local scales. Previous studies have determined a wide
range of ikaite concentrations, calculated as µmol kg -1 melted sea ice, including 15-25 µmol kg-1
(Barrow, Alaska; Geilfus et al., 2013a) and 100-900 µmol kg-1 (Young Sound, Greenland;
Rysgaard et al., 2013) in first year sea ice, up to 350 µmol kg-1 (Sea-ice Environmental Research
Facility (SERF), University of Manitoba, Canada; Geilfus et al., 2016) in bulk artificial sea ice,
and 500-3000 µmol kg-1 in brine skims and frost flowers in northeast Greenland and at SERF
(Barber et al., 2014; Rysgaard et al., 2014). Ikaite crystals are generally larger and more
abundant near the upper sea ice interface (Fig. 1.2; Rysgaard et al., 2012; 2013). This can be
attributed to two main factors: (1) ikaite crystals in the upper sea ice layers have more time to
grow and are therefore larger and (2) ikaite that precipitates in the lower parts of the sea ice
interact more with the carbonate system in the underlying seawater and will dissolve more
readily (Rysgaard et al., 2012). Additionally, ikaite is more common in colder sea ice with higher
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bulk and brine salinities (Fischer et al., 2013), which is most common near the upper sea ice
surface.
When ikaite precipitates in sea ice, it will produce CO 2 according to Equation 1.3
(Rysgaard et al., 2014).
Ca

+ 2HCO + 5H O ↔ CaCO • 6H O( ) + CO

(

)

(1.3)

Since CO2 is produced during ikaite formation and consumed during ikaite dissolution,
ikaite may play a significant role in the sea ice carbon pump (Figs. 1.1, 1.4). In addition, one
mole of DIC is consumed and TA decreases by two moles for every mole of ikaite, suggesting
that ikaite will have a TA:DIC ratio of 2:1 (Rysgaard et al., 2009). The timing of precipitation as
well as where ikaite occurs within the sea ice column will influence its overall contribution to the
sea ice carbon pump (Rysgaard et al., 2011; Delille et al., 2014). If ikaite continuously
precipitates and dissolves throughout the winter, it could have a major impact on air-sea CO2
fluxes in ice covered seas (Rysgaard et al., 2014). Few studies are available regarding the timing
of ikaite precipitation in sea ice but a study of new sea ice in Young Sound, Greenland (Rysgaard
et al., 2013) determined that ikaite precipitates within one hour in frost flowers and in thin sea
ice.
If ikaite is formed near the sea ice surface during cold conditions or during new ice
formation, most of the CO2 is likely released to the atmosphere (Rysgaard et al., 2013). As a
result, new sea ice can act as a source of CO 2 to the atmosphere (Geilfus et al., 2013a).
If both the CO2 produced by ikaite precipitation and the ikaite crystals both remain
trapped in the sea ice matrix, which will occur if ikaite precipitates in the upper or middle layers
of sea ice when permeability is low, when ikaite crystals dissolve during sea ice melt, they will
consume the same amount of CO2 produced by their formation and will therefore not have an
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effect on air-sea CO2 fluxes (Fig 1.4a; Delille et al., 2014). However, if ikaite crystals remain
trapped in the sea ice matrix throughout the winter but CO 2 remains mobile, ikaite will store TA
in the sea ice, increasing the buffering capacity of sea ice and meltwater and becoming a source
of excess TA to seawater when crystals dissolve during sea ice melt, enhancing CO 2 uptake by
the ocean (Rysgaard et al., 2007; 2009). In addition, the dissolution of ikaite crystals will
consume CO2, lowering the surface water pCO2 and further enhancing the CO2 flux from the
atmosphere to the ocean (Rysgaard et al., 2013).

Figure 1.4: Possible effects on ikaite (represented by hexagons) crystals in different
layers of sea ice. (A) Cold sea ice with low permeability acts as a closed system, so CO2
produced by ikaite precipitation remains trapped until sea ice melt occurs. (B) In
relatively warm (approximately -2.2ºC) and permeable sea ice, such as the skeletal layer
or young, thin first year sea ice, ikaite that precipitates produces CO 2 that is either lost
to the underlying seawater or to the atmosphere (from Delille et al., 2014, reproduced
with permission).
Ikaite can also precipitate at relatively high temperatures (approximately -2.2ºC; Assur,
1960). This is the case in the skeletal layer, which acts as an open system that interacts with the
13

underlying seawater (Fig. 1.4b; Delille et al., 2014). The CO2 produced by ikaite precipitation in
the skeletal layer will likely be lost to the underlying seawater along with brine. The CO 2
enriched brine is denser than the surface waters and is incorporated into the intermediate to deep
water layers (Rysgaard et al., 2011). If this occurs, ikaite crystals can either (a) sink to the
underlying seawater faster than CO2 enriched brine, (b) sink to the underlying seawater at the
same rate as CO2 enriched brine, or (c) remain trapped in the sea ice matrix (Delille et al., 2014).
If (a) occurs, ikaite precipitation will act as a net source of CO 2 to the atmosphere and if (b)
occurs, the influence of ikaite precipitation on air-sea CO2 fluxes will be negligible (Delille et al.,
2014). However, if (c) occurs, ikaite will store TA and become a source of excess TA to the
seawater during sea ice melt, as described above (Rysgaard et al., 2007; 2009).
Currently, the spatial and temporal dynamics of ikaite in sea ice remain poorly
understood. The few available measurements indicate that ikaite commonly precipitates in the
interstices between ice platelets (Rysgaard et al., 2013). As a result, the crystals remained
trapped within the pore spaces and are retained in the sea ice. However, CO 2 can be transported
within the brine system (Rysgaard et al., 2013). In experimental sea ice, some ikaite was
transported to the underlying seawater and dissolved, but more than half of the ikaite precipitated
remained in the sea ice matrix when ice melt began (Geilfus et al., 2016).
1.4 Techniques for quantifying ikaite in sea ice
The role of ikaite in the sea ice carbon pump and the global carbon cycle is poorly
understood (Rysgaard et al., 2013). Ikaite concentration and spatial and temporal variability will
affect its significance in the sea ice carbon pump, so developing a method that will allow for
efficient and accurate ikaite quantification is necessary. Previously, several techniques were used
to estimate ikaite concentration in sea ice. The first method, developed by Dieckmann et al.
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(2008) melts 10 cm segments of sea ice cores at 4ºC in sealed plastic containers. As soon as
melting is complete, the meltwater is swirled and particles are allowed to settle. Crystals are
pipetted onto pre-weighed GF/F filters that are rinsed with 75% ethanol and kept frozen at -18ºC.
Filters are dried in an oven at 60ºC for 10 hours and weighed, yielding a mass of anhydrous
CaCO3 that is converted to ikaite mass per litre of melted sea ice by multiplying by the mineral
molecular weight ratio (Dieckmann et al., 2008).
An image analysis technique developed by Rysgaard et al. (2013) has also been used to
quantify ikaite. Briefly, sea ice cores are cut into 5-10 cm sections immediately after coring. In
the field laboratory, small pieces of ice are cut off each section, examined under the microscope,
and photographed as soon as possible (normally within 24 hours). Images are converted to binary
and the processed images are used to calculate ikaite concentrations. This technique is discussed
in more detail in Chapter 2.2.1.
Overall calcium carbonate (i.e., ikaite) concentrations have also been estimated using the
difference in total TA of unfiltered and filtered meltwater (Geilfus et al., 2013a). Estimations are
made according to Equation 1.4:
∆CaCO = (TA − TA )

(1.4)

where ΔCaCO3 is total calcium carbonate content, TA b is bulk TA, and TAf is the TA of the
filtered meltwater (Geilfus et al., 2013a). Ikaite concentrations estimated using Equation 1.4 may
be underestimates since it does not account for ikaite crystals that may have dissolved prior to
the filtration of the crystals (Geilfus et al., 2013a). In addition, using the difference in TA
concentrations to estimate the amount of ikaite yielded estimations about 3 times higher than
image analysis in the same study, indicating that ikaite quantification methods need further
refinement (Geilfus et al., 2016).
15

1.5 Objectives
To determine the significance of ikaite in the sea ice carbon pump, it is important to
accurately quantify ikaite in sea ice. Accurate and precise determination of ikaite concentrations
in sea ice is very difficult, so the primary objective of this research was to develop and test a new
ikaite quantification method using DIC analysis of filtered crystals. A secondary objective was to
relate ikaite precipitation to environmental parameters such as temperature, salinity, TA, and
DIC.
To achieve these objectives, sea ice cores were collected from several settings: (1)
artificial sea ice at the Sea-ice Environmental Research Facility (SERF) in January 2013, (2) first
and multi year sea ice near Station Nord, Greenland in April 2015, and (3) first year sea ice near
Cambridge Bay, Nunavut, Canada in May 2016. Ikaite was quantified using the new DIC
analysis method and results were compared with concentrations calculated using the image
analysis technique developed by Rysgaard et al. (2013). Supporting environmental data were
collected from each sampling site to relate ikaite concentrations to environmental parameters.
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Chapter 2: Methods
2.1 Field work
To test the new method of quantifying ikaite, sea ice cores were collected from
experimental sea ice from the Sea-ice Environmental Research Facility (SERF), from first and
multi year sea ice from Station Nord, Greenland in April 2015, and from first year sea ice from
Cambridge Bay, Nunavut in May 2016 (Fig. 2.1). In total, cores were collected from one site at
SERF, five first year and two multi year sites from Station Nord, and seven first year sites from
Cambridge Bay (Table 2.1). Cores were extracted using a Mark II 9 cm coring system (Kovacs
Enterprises) and duplicate cores were obtained at each site (Fig. 2.2).

Figure 2.1: Map of Greenland and the eastern Canadian Arctic showing the sites of field
campaigns (shown in red) at Station Nord, Greenland in April 2015 and at Cambridge
Bay, Nunavut in May 2016.
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Table 2.1: Sampling locations and sea ice types for each core collected during each field
campaign.
Sampling site
SERF

Core
Latitude (ºN)
Longitude (ºW) Ice type
SERF-1
49.803
97.142
Experimental
SERF-2
49.803
97.142
Experimental
Station Nord, Greenland
STN-2015-01
81.673
17.968
First year
STN-2015-02
81.652
16.896
First year
STN-2015-03
81.696
17.038
First year
STN-2015-04
81.718
17.121
First year
†
STN-2015-05
81.745
17.214
Multi year
STN-2015-06
81.745
17.214
Multi year
STN-2015-07‡
81.673
16.967
First year
Cambridge Bay, Nunavut
CB-2016-01
68.994
105.834
First year
CB-2016-02
68.999
105.836
First year
CB-2016-03
68.994
105.899
First year
CB-2016-04
69.002
105.786
First year
CB-2016-05
69.002
105.786
First year
CB-2016-06
68.999
105.837
First year
CB-2016-07
69.000
105.837
First year
†
Due to the limitations of the coring equipment, it was not possible to collect the full sea ice core.
‡
Only the upper portion of this core was collected for analysis.

Figure 2.2: Collection of sea ice cores from Cambridge Bay, Nunavut, May 2016.
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At each sampling site, vertical sea ice temperature profiles were obtained using a
calibrated temperature probe. Temperatures were recorded every 10 cm at Station Nord and
Cambridge Bay and every 2 cm at SERF. Due to the large difference between the air and ice
temperatures at Station Nord, sea ice cores cooled rapidly, making it difficult to obtain a
complete temperature profile. In one first year sea ice core and one multi year sea ice core,
temperatures were recorded at the top, middle, and bottom of the sea ice cores instead of every
10 cm. Each sea ice core was cut into 10 cm sections, weighed, placed in sealed plastic bags, and
stored in a -20ºC freezer until they could be processed (normally within 24 hours).
2.2 Data collection and sample preparation
2.2.1 Image analysis
One sea ice core from each sampling site was used to determine ikaite concentration
using image analysis (Fig. 2.3), which is summarized from Rysgaard et al. (2013). For each 10
cm section of sea ice core, three 46 to 567 mg subsamples of sea ice were cut off at random
places using a stainless steel knife, placed on a chilled glass slide resting on a chilled aluminum
block with a 1 cm viewing hole, and weighed. In a 20ºC laboratory, subsamples were examined
under a stereomicroscope (Leica DMiL LED microscope) and allowed to melt. A few seconds
after the sea ice completely melted, three random areas on the slide were photographed at 100x
magnification using a Leica DFC 295 camera and Leica Application Suite version 4.0.0
software. Three to five minutes later, a second set of photographs were taken in the same
locations; any crystals that had begun to dissolve were assumed to be ikaite.
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Figure 2.3: Simplified diagram showing the sample preparation process when
determining ikaite concentration using image analysis. Each sea ice core is cut into
10 cm sections and small subsamples are cut off each section, placed on a chilled slide,
and weighed. At room temperature, each slide is examined under a stereomicroscope
and sea ice is allowed to melt. As soon as melting is complete, three random areas are
photographed. The same areas are photographed 3 to 5 minutes later and any crystals
that have begun to dissolve are assumed to be ikaite.
Once all images were taken, the remaining sea ice core was melted at 2ºC to ensure ikaite
crystals did not dissolve. As soon as melting was complete, 50 ml of meltwater was withdrawn
and warmed to 20ºC to determine bulk salinity (Chapter 2.3.3). The remaining meltwater was
used for duplicate samples for the dissolved inorganic carbon (DIC) method of ikaite
quantification (Chapter 2.2.2). Images were then processed to determine ikaite concentrations
(Chapter 2.3.1).
2.2.2 DIC analysis of filtered crystals
One sea ice core from each sampling site was used to determine ikaite concentration
using DIC analysis of filtered ikaite crystals (Fig. 2.4). To prepare sea ice cores for this method,
each 10 cm section was completely melted in a sealed plastic bag at 2ºC to ensure ikaite crystals
did not dissolve. As soon as melting was complete, four 12 ml gastight vials (Exetainer, Labco
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Limited, High Wycombe, UK) were filled with meltwater for DIC and total alkalinity (TA)
analysis. The remaining meltwater was filtered through a Whatman GF/F 47 mm glass
microfiber filter; the filter containing ikaite was placed in a 12 ml Exetainer containing a glass
bead that was then filled with deionised water. Additional Exetainers were filled with deionised
water to use as blanks. All Exetainers were poisoned with 12 µl saturated HgCl2 solution to halt
biological activity (Geilfus et al., 2012). Samples were shipped to the Centre of Earth
Observation Science (CEOS) at the University of Manitoba, Winnipeg for further analysis
(Chapter 2.3.2).

Figure 2.4: Simplified diagram showing the sample preparation process when
determining ikaite concentration using DIC analysis of filtered crystals. Each sea ice
core is cut into 10 cm sections and weighed. Each section is melted at 2ºC in an airtight
plastic bag to ensure ikaite crystals do not dissolve. As soon as melting is complete, the
meltwater is filtered and the filtered is placed in a gastight Exetainer that is then filled
with deionized water. To halt biological activity, 12 µl saturated HgCl 2 is added to the
Exetainer. In addition, 100 µl of 1.0 M HCl is added prior to DIC analysis to ensure all
ikaite crystals are dissolved.
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2.3 Data analysis and processing
2.3.1 Image analysis
The first set of images acquired was used for all calculations when determining ikaite
concentrations using the image analysis method. The abundance and concentrations of ikaite
crystals were calculated from the images using the software ImageJ (version 1.49 g). Each image
was brightness/contrast adjusted and converted to binary. “Close” and “fill holes” functions were
applied to each image so all ikaite crystals were filled with black and everything else was white.
An “analyze particles” function was applied to count the crystals and to determine the area of
each photograph covered by ikaite. The area was then converted to volume assuming a cubic
mineral structure for ikaite. Using the calculated volume, density (1.78 g cm-3) and molar mass
(208.18 g mol-1) of ikaite (Rysgaard et al., 2013), and the mass of the subsample, ikaite
concentrations were calculated and converted to µmol kg -1 melted sea ice according to Equation
2.1:


 ρV
1.0  10 6  ikaite
 M
ikaite  
 m ice 


 1000 


 


(2.1)

where ρ is the density in g cm-3, M is the molar mass in g mol-1, Vikaite is the volume of ikaite
crystals in cm3 and mice is the mass of the subsample in g. The numerator is multiplied by
1.0x106 to convert moles to micromoles and the denominator is divided by 1000 to convert
grams to kilograms. For each 10 cm section, the average concentration of each subsample was
determined to estimate the overall concentration of each section. Errors were calculated using the
standard error of the mean.

26

2.3.2 DIC analysis of filtered crystals
The DIC analyses of filtered ikaite crystals were completed at the University of Manitoba
using an Apollo SciTech DIC analyzer with a solid state infra-red CO2 detector (Chapter 2.3.3).
Immediately before analysis, 100 µl of 1.0 M HCl was added to ensure that all ikaite crystals
were completely dissolved. Certified reference materials supplied by the Scripps Institution of
Oceanography (University of California, San Diego, La Jolla, California) were routinely entered
into the sample stream to ensure accuracy of results. Blanks were also routinely entered into the
sample stream.
The average DIC concentration of the blanks was subtracted from each DIC value of the
dissolved filtered crystals. Ikaite concentrations were then calculated according to Equation 2.2:
filtered m ex
ikaite  DICm

(2.2)

ice

1000
where DICfiltered is the DIC of the filtered ikaite crystals in µmol kg-1, mex is the mass of
deionised water added to the Exetainer in g, and m ice is the mass of filtered meltwater in g.
2.3.3 Salinity, TA, and DIC
To determine bulk salinity, the conductivity of 50 ml withdrawn from each sample
(Chapter 2.2.1) was measured using an Orion 3-star with an Orion 013610MD conductivity cell.
In addition, the conductivity of deionised water was routinely measured to use as blanks and the
conductivity of a standard KCl solution (S=35) was routinely measured. The samples, blanks,
and standards were all measured at the exact same temperature and pressure. Conductivity was
then converted to bulk salinity using the method described in Grasshoff et al. (1999). First, the
conductivity ratio of the sample to the KCl solution is calculated using Equation 2.3 (Grasshoff
et al., 1999):
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=

Csamp Cblank

(2.3)

(Cstd Cblank )

where K is the ratio of the conductivity of the sample to the conductivity of the standard, Csamp is
the conductivity of the sample, C blank is the conductivity of the blank, and C std is the conductivity
of the standard. Salinity is then calculated using Equation 2.4 (Grasshoff et al., 1999):
S=

+

+

+

+

+

(2.4)

where S is the bulk salinity, a0, a1, a2, a3, a4, and a5 are constants equal to 0.0080, -0.1692,
25.3851, 14.0941, -7.0261, and 2.7081 respectively, and K is the ratio derived from Equation 2.3.
Dissolved inorganic carbon was determined using automated coulometry with a
technique described by Johnson et al. (1987) using an Apollo SciTech DIC analyzer with a solid
state infra-red CO2 detector (LI 7000). To ensure accuracy of results, certified reference
materials (described in Chapter 2.3.2) were regularly inserted into the sample stream.
Total alkalinity was determined with potentiometric titration using a method outlined in
Haraldsson et al. (1997). Meltwater samples were weighed and then titrated with a 0.05 M HCl
standard solution using a TitraLab® TIM 840 Titration Manager with an SAC 850 Sample
Changer (Radiometer Analytical SAS, Lyons, France). Certified reference materials described in
Chapter 2.3.2 were regularly inserted into the sample stream to ensure accuracy of results. Once
titration was complete, TA was calculated using Equation 2.5 (Haraldsson et al., 1997):
TA=10

mF1=0

(2.5)

m

where mi is the initial mass of the sample in kg, F1 is a Gran function that follows the decrease in
HCO3- in solution (Equation 2.6), and m F1=0 is the calculated mass in kg of HCl solution added
when F1=0 (Equation 2.7). The units for TA are given as µmol kg-1 melted sea ice.
V
000

F1 = (m + mHCl )
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(2.6)

mF1=0 = −

(2.7)

In Equation 2.6, mi is the initial mass of the sample in kg, m HCl is the mass of HCl
solution added during titration in kg, V is the voltage of the solution in mV, and T is the
temperature in K. In Equation 2.7, a and b are the y-intercept and slope, respectively, of the
linear regression line of F1 plotted against the mass of HCl added during titration.
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Chapter 3: Quantification of ikaite in first and multi year sea ice
This chapter is a standalone manuscript that will be submitted to a scientific journal in the
near future. Terminology and symbols may vary from the submitted manuscript to ensure it is
consistent with the rest of the thesis. I collected and processed all data from the 2015 and 2016
field campaigns and interpreted all data with some guidance. With some assistance, I also drafted
all figures and wrote the manuscript.
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Abstract
Ikaite (CaCO3•6H2O) is a metastable calcium carbonate mineral that forms at low
temperature and/or high pressure. Ikaite precipitates in sea ice and may play a significant role in
air-sea CO2 exchange in ice-covered seas. However, the spatial and temporal dynamics in ikaite
in sea ice are poorly understood due to few available measurements and time consuming
analytical techniques. Here, we present a new robust method for quantifying ikaite in sea ice. In
short, sea ice cores were melted at low temperatures (<4°C), filtered for ikaite crystals that
subsequently were dissolved and analyzed as dissolved inorganic carbon (DIC). Ikaite
quantification agrees well with existing and more time consuming techniques. The method was
applied on cores from artificial sea ice, first and multi year sea ice near Station Nord, Greenland
(81°N) and first year sea ice near Cambridge Bay, Nunavut, Canada (69°N). At each sampling
site, snow and ice thickness, temperature, salinity, DIC, and total alkalinity (TA) data were
collected.
Ikaite crystals were found in all sea ice types. High concentrations were present in young
20 cm thick sea ice (2595 µmol kg-1), lower concentrations in 1.5 m thick first year sea ice
(117 µmol kg-1) and low concentrations in 3.3 m thick multi year sea ice (8 µmol kg -1). Highest
concentrations were observed in the upper ice layers at all stations and layers with sea ice algae
showed increased concentrations. The recent large decline of the Arctic multi year ice cover and
the increasing presence of seasonal sea ice in the Arctic may therefore affect the overall patterns
of ikaite concentrations and hence its significance in the air-sea CO2 exchange.
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3.1 Introduction
The world’s oceans are the largest sink of CO 2 that equilibrates with the atmosphere and
take up approximately 1.9 PgC yr-1 of CO2 (Rhein et al., 2013). The Arctic Ocean takes up
between 66 and 199 TgC yr-1 of CO2, which is comparable to the size of the terrestrial sink in the
Arctic (Parmentier et al., 2013). Air-sea exchange is controlled by the difference in partial
pressure of CO2 (pCO2) between the atmosphere and the surface waters. When the pCO2 is lower
in the surface waters than in the atmosphere, CO2 uptake occurs. Colder, more saline waters are
more soluble (Weiss, 1974), lowering the pCO2 of the surface waters and increasing CO2 uptake.
In polar seas, low temperatures and formation of sea ice, especially in polynya areas, produce
dense briny waters. Colder and denser surface waters promote downwelling, which removes CO 2
from the surface waters, sequestering CO2 in the deep ocean (Parmentier et al., 2013).
Sea ice cover in the Arctic has often been considered to act as a barrier to air-sea CO2
exchange (Tison et al., 2002). However, recent studies (e.g., Rysgaard et al., 2007; 2011; Geilfus
et al., 2013a) have indicated that this is not the case and that processes driving air-sea gas
exchange are active throughout the sea ice season (Rysgaard et al., 2011). During sea ice
formation, dissolved inorganic carbon (DIC) is released from sea ice along with CO 2 in brine,
decreasing DIC and total alkalinity (TA) concentrations in sea ice (Rysgaard et al., 2007).
During the winter months, this dense brine sinks to deeper waters, lowering the DIC, TA, and
CO2 concentrations of the surface water. Ice melt will further lower CO2 in the surface ocean,
increasing air to ocean CO2 fluxes. This process is referred to as the sea ice carbon pump
(Rysgaard et al., 2011). Recent studies (e.g., Grimm et al., 2016) have indicated that the sea ice
carbon pump may be significant on a regional scale, where it is largely determined by the cycle
of sea ice growth and decay. Air-sea gas exchange is dependent on physical and chemical
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properties of sea ice, such as porosity, permeability, temperature, and salinity (Cox and Weeks,
1983). These properties also affect the precipitation of minerals in sea ice, which occurs as a
result of the concentration of dissolved salts in interstitial brine during ice formation (Geilfus et
al., 2013a; Papadimitriou et al., 2014). Ikaite (CaCO 3•6H2O), a metastable calcium carbonate
mineral, precipitates out of sea ice at approximately -2.2ºC (Assur, 1958) under standard
seawater conditions according to Equation 3.1 (Rysgaard et al., 2013):
Ca2+ + 2HCO3-+ 5H2O ↔ CaCO3(s)•6H2O + CO2(aq)

(3.1)

Brine drainage occurs during sea ice formation and melt, resulting in the removal of
dissolved CO2 and salts (Rysgaard et al., 2007; 2009; 2013; Parmentier et al., 2013). As long as
the sea ice remains permeable, brine drainage continues, and any CO 2 generated during ikaite
precipitation escapes the sea ice system (Rysgaard et al., 2009). Ikaite crystals remain trapped in
the ice matrix throughout the winter and are released during sea ice melt (Rysgaard et al., 2007).
During the winter, CO2 is separated from ikaite crystals by diffusion, yielding a higher CO 2
escape to the underlying water relative to ikaite (Rysgaard et al., 2007).
Ikaite has been observed in both Antarctic and Arctic sea ice (Dieckmann et al., 2008;
2010) and may play a significant role in the sea ice carbon pump (Rysgaard et al., 2011;
Parmentier et al., 2013), but the spatial and temporal dynamics of ikaite in sea ice are poorly
understood (Rysgaard et al., 2014). To increase the understanding of its role in the sea ice carbon
pump, an effective and efficient method of quantifying ikaite must be developed. The method
currently in use consists of image analysis of small quantities of ice followed by x-ray diffraction
analysis (Rysgaard et al., 2013). This is a very time consuming process, so a more efficient
method should be developed to simplify ikaite quantification in sea ice. A method based on
filtered DIC analysis of ice cores is a much faster method that has not previously been tested.
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This study compared both methods to determine the effectiveness of the method in a variety of
settings: (1) artificial sea ice at the Sea-ice Environmental Research Facility (SERF), Winnipeg,
Manitoba, Canada in January 2013, (2) first and multi year sea ice near Station Nord, Greenland
in April 2015, and (3) first year sea ice near Cambridge Bay, Nunavut, Canada in May 2016. As
very few actual measurements of ikaite in sea ice exist, this study adds to the small database of
ikaite in various sea ice types. Finally, the vertical distribution as well as the amount of ikaite in
different sea ice types is discussed based on other measured environmental parameters.
3.2 Methods
3.2.1 Study sites and sampling
Sea ice cores were collected from SERF in January 2013, from Station Nord, Greenland
in April 2015, and from Cambridge Bay, Nunavut, Canada in May 2016 (Table 3.1). In total, two
sea ice cores were obtained from each of one site at SERF, four first and two multi year sampling
sites from Station Nord, and six first year sampling sites from Cambridge Bay. Sea ice cores
were extracted using a Mark II 9 cm coring system (Kovacs Enterprises). At each sampling site,
vertical temperature profiles were obtained using a calibrated temperature probe. Each sea ice
core was cut into 10 cm sections. In the laboratory, each section from one core was weighed and
stored in a sealed plastic bag in a -20ºC freezer hours until they could be processed (usually
within 24 hours). The sections from the second sea ice core were weighed, placed in vacuum
sealed plastic bags, and allowed to melt at 2ºC.
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Table 3.1: Geographical locations and types of ice collected during the SERF 2013, Station Nord
2015, and Cambridge Bay 2016 field campaigns.
Sampling site

Ice type

SERF 2013

Station Nord 2015

Cambridge Bay 2016

First year sea ice

x

x

Multi year sea ice

x

Artificial sea ice

x
49ºN 97ºW

81ºN 17ºW

69ºN 104ºW

23 January, 2013

10 April-3 May, 2015

27 April-24 May, 2016

Position
Sampling days

3.2.2 Analysis
To test the new DIC method of ikaite quantification, it was compared with image analysis
technique developed by Rysgaard et al. (2013). One sea ice core from each sampling site was
used to test each technique.
3.2.2.1 Image analysis
The image analysis technique is summarized from Rysgaard et al. (2013). For each
10 cm section of sea ice core, three 46 to 567 mg subsamples of sea ice were cut off using a
stainless steel knife at random places and weighed. Each subsample was placed on a chilled glass
slide that rested on a chilled aluminum block with a 1 cm viewing hole. In a 20ºC laboratory,
subsamples were examined under a Leica DMiL LED microscope at 100x magnification as they
were allowed to melt. A few seconds after the sea ice completely melted, three photographs were
taken at 100x magnification of random areas on the slide using a Leica DFC 295 camera and
Leica Application Suite version 4.0.0 software. Three to five minutes later, a second set of
photographs were taken in the same locations; any crystals that had begun to dissolve were
assumed to be ikaite. Tests with X-ray diffraction confirm these dissolved crystals are ikaite
(Rysgaard et al., 2012).
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Using the first set of photographs, the abundance and concentrations of ikaite crystals
were calculated from the images using the software ImageJ (version 1.49 g). Each image was
brightness/contrast adjusted and converted to binary. “Close” and “fill holes” functions were
applied to each image so all ikaite crystals were filled with black. An “analyze particles”
function was applied to count the crystals and to determine the area of each photograph covered
by ikaite. The area was then converted to volume assuming a cubic mineral structure for ikaite.
Using the calculated volume, density (1.78 g cm -3) and molar mass (208.18 g mol-1) of ikaite
(Rysgaard et al., 2013), and the mass of the subsample, ikaite concentrations were calculated and
converted to µmol kg-1 melted sea ice, according to Equation 3.2:


 ρV
1.0  10 6  ikaite
 M
ikaite  
 m ice 


 1000 


 


(3.2)

where ρ is the density in g cm-3, M is the molar mass in g mol-1, Vikaite is the volume of ikaite
crystals in cm3 and mice is the mass of the subsample in g. The numerator is multiplied by
1.0x106 to convert moles to micromoles and the denominator is divided by 1000 to convert
grams to kilograms. For each 10 cm section, the average concentration of each subsample was
determined to estimate the overall concentration of each section. After image analysis was
complete, the sea ice core was melted at 2ºC to ensure ikaite crystals did not dissolve. As soon as
melting was complete, 50 ml were withdrawn and warmed to 20ºC to determine bulk salinity
using an Orion 3-star with an Orion 013610MD conductivity cell. The remaining meltwater was
used for duplicate samples for the DIC method of ikaite quantification (Chapter 3.2.2.2).
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3.2.2.2 DIC and TA analysis
To prepare the sea ice cores for the DIC method of ikaite quantification, each 10 cm
section was completely melted in a sealed plastic bag at 2ºC to ensure ikaite crystals did not
dissolve. As soon as melting was complete, four 12 ml Exetainers (Labco Limited, High
Wycombe, UK) were filled with meltwater for DIC and total alkalinity (TA) analysis. The
remaining meltwater was filtered through a Whatman GF/F 47 mm glass microfiber filter; the
filter containing ikaite crystals was placed in a 12 ml Exetainer containing a glass bead that was
then filled with deionised water. Additional Exetainers were filled with deionised water to use as
blanks. All Exetainers were poisoned with 12 µl saturated HgCl 2 solution and were shipped to
the Centre for Earth Observation Science (CEOS) at the University of Manitoba for further
analysis.
The TA and DIC analyses were completed at the University of Manitoba. Dissolved
inorganic carbon analysis was done using an Apollo SciTech DIC analyzer with a solid state
infra-red CO2 detector (LI 7000) and TA analysis was completed using a TIM 840
potentiometric titrator. Certified reference materials supplied by the Scripps Institution of
Oceanography were routinely entered into the sample stream to ensure accuracy of results.
Prior to analyzing the Exetainers containing the filtered crystals for DIC concentrations,
100 µl of 1 M HCl was added to ensure that all carbonate crystals were completely dissolved.
The average DIC concentration of the blanks was subtracted from each value from the DIC of
the filtered crystals. Ikaite concentrations were calculated according to Equation 3.3:
filtered m ex
ikaite  DICm
ice

1000
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(3.3)

where DICfiltered is the DIC of the filtered ikaite crystals in µmol kg -1, mex is the mass of
deionised water added to the Exetainer in grams, and m ice is the mass of filtered meltwater in
grams.
3.3 Results
3.3.1 Environmental data
Air temperature and snow and ice thickness were recorded at all sampling sites. Air
temperature ranged from -30.7 to -17.2 during the SERF experiment in January 2013, from -27.2
to -10.2ºC during the Station Nord field campaign in April 2015, and from -6.4 to -0.6ºC during
the Cambridge Bay field campaign in May 2016. Snow was removed from the sea ice pool
during the 2013 SERF experiment and snow thicknesses ranged from 79 to 135 cm at Station
Nord in April 2015 and from 2 to 30 cm at Cambridge Bay in May 2016. Average sea ice
thickness ranged from ~20 cm at SERF to 174 cm at Cambridge Bay (Table 3.2). Due to the
capability of ice coring equipment, it was not possible to collect full cores when sea ice thickness
exceeded 200 cm.
Table 3.2: Average sea ice thicknesses and ikaite concentrations in first and multi year sea ice
determined using image analysis and DIC analysis.
Sampling site

SERF

Average ice thickness
(cm)

Ikaite concentration
(µmol kg-1), image
analysis method

Ikaite concentration
(µmol kg-1), DIC
method

20

334.9±323.1

-

Station Nord, FYI

122.0

7.0±1.2

5.1±0.8

Station Nord, MYI

165.5*

0.2±0.1

3.1±0.3

Cambridge Bay

173.8

73.4±26.2

44.6±3.0

*Due to the limitations of the coring equipment, it was not possible to collect full multi-year sea ice cores. Errors
represent the standard error of the mean.

Sea ice temperature, bulk salinity, TA, and DIC vertical profiles were measured in each
sea ice type (Figs. 3.1-3.4). Sea ice temperatures ranged from -13.0 to -3.9ºC at SERF, from -5.0
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to -0.5ºC in first year sea ice at Station Nord, from -7.2 to -0.7ºC in multi year sea ice at Station
Nord, and from -7.3 to -1.1ºC in first year sea ice at Cambridge Bay. In general, sea ice
temperature increased with depth and warmer ice temperatures, such as those at Station Nord,
were associated with deeper snow cover. Bulk salinities ranged from 4.9 to 24.0 at SERF, from
0.5 to 6.5 in first year sea ice at Station Nord, from 0.0 to 0.5 in multi year sea ice at Station
Nord, and from 3.1 to 9.3 at Cambridge Bay. C-shaped bulk salinity profiles (Figs. 3.1a, 3.2a,
3.4a) were observed in all first year sea ice, but not in multi year sea ice (Fig. 3.3a).
At SERF, TA ranged from 376.2 to 1433.2 µmol kg-1 melted sea ice (unless otherwise
specified, all concentrations are given in µmol kg -1 melted sea ice) and DIC ranged from 316.9 to
862.0 µmol kg-1, with TA:DIC ratios ranging from 1.1 to 1.7. Both TA and DIC concentrations
were greatest near the upper sea ice surface (Fig. 3.1b). TA and DIC concentrations decreased
with depth, with a slight increase near the ice-water interface (i.e., C-shaped profile); this
corresponded to a similar trend in the TA:DIC ratio. In thicker sea ice, TA and DIC
concentrations were more variable than at SERF (Figs. 3.2b, 3.3b, 3.4b), but the highest TA and
DIC concentrations were generally observed in the upper 30 cm of sea ice. In general, TA and
DIC concentrations followed similar trends in thicker sea ice, and the TA:DIC ratio increased
toward the ice-water interface. At Station Nord, TA ranged from 25.1 to 580.1 µmol kg -1 in first
year sea ice and from 7.0 to 183.0 µmol kg-1 in multi year sea ice; DIC ranged from 82.0 to
510.9 µmol kg-1 in first year sea ice and from 27.0 to 236.2 µmol kg-1 in multi year sea ice. It
should be noted, however, that due to technical difficulties with recovering the bottom of sea ice
cores longer than 200 cm, our measurements may be underestimated for thick multi year sea ice.
At Cambridge Bay, TA ranged from 232.7 to 552.4 µmol kg-1 and DIC ranged from 168.5 to
555.3 µmol kg-1.
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Figure 3.1: Vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) the TA:DIC ratio in artificial sea
ice, SERF, January 2013.
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Figure 3.2: Average vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) TA:DIC in first year sea
ice, Station Nord, Greenland, April 2015. All error bars represent the standard error of the mean.
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Figure 3.3: Average vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) TA:DIC in multi year
sea ice, Station Nord, Greenland, April 2015. All error bars represent the standard error of the mean.
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Figure 3.4: Average vertical profiles of (A) temperature and bulk salinity, (B) TA and DIC, and (C) TA:DIC in first year sea
ice, Cambridge Bay, Nunavut, May 2016. All error bars represent the standard error of the mean.

At both Station Nord and Cambridge Bay, a small (4-12 m2) area was cleared of snow
and sea ice cores were collected from these areas two days later. At Station Nord, only the upper
39 cm of the core from the snow cleared area was examined, and sea ice temperature ranged
from -9.2 to -5.2ºC, which is much colder than sea ice cores extracted from the same sampling
site that were not cleared of snow. Bulk salinity ranged from 1.9 to 3.9, TA ranged from 410.2 to
580.1 µmol kg-1, and DIC ranged from 367.5 to 510.9 µmol kg-1. Full sea ice cores were
extracted from the snow cleared area at Cambridge Bay; sea ice temperature ranged from -3.8 to
-1.3ºC, bulk salinity ranged from 3.6 to 6.2, TA ranged from 354.2 to 510.8 µmol kg -1, and DIC
concentration ranged from 168.5 to 487.3 µmol kg-1.
Sea ice algae were present in all ice cores at Cambridge Bay (Table 3.3; Fig. 3.5) and
occurred in the lower 5-15 cm of the sea ice cores. Sea ice algae were not observed at Station
Nord.
Table 3.3: Average chlorophyll-a abundances in the lower 5 cm of sea ice at each sampling site.
Errors represent the standard error of the mean.
-1

Chlorophyll-a (µg l )

SERF 2013

Sampling site
Station Nord 2015

Cambridge Bay 2016

0

0

119.2±26.1
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Figure 3.5: Image of ikaite crystals (circled in red) and sea ice algae observed together
near the bottom of sea ice core CB-2016-06, Cambridge Bay, Nunavut, May 2016.
3.3.2 Ikaite
Observed ikaite crystals ranged from 5 to ~100 µm in length. The majority of crystals had
a distinct rhombic structure; crystals smaller than 10 µm began to dissolve quite quickly and had
a more rounded appearance. In first year sea ice, ikaite was most abundant in the upper 20 cm of
the ice, with lower concentrations in the middle ice layers and a small increase in ikaite
abundance in the lower 20 cm. This trend was not observed in multi year sea ice, which had
relatively constant low ikaite concentrations throughout. Ikaite and ice algae were present
together in the lower 20 cm of sea ice cores from Cambridge Bay.
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Ikaite concentrations were calculated at SERF using image analysis only at 1 cm intervals
(Fig. 3.6). Concentrations ranged from 0.04 to 974.3 µmol kg -1 and were highest at the upper ice
surface and lowest in middle ice layers, with a slight increase in ikaite concentration near the icewater interface.

Figure 3.6: Average ikaite concentrations in artificial sea ice calculated using the image
analysis method, SERF, January 2013. All error bars represent the standard error of the
mean.
Ikaite concentrations were determined using image analysis and DIC analysis of filtered
crystals at all other sampling sites (Figs. 3.7-3.9). When calculated using image analysis, ikaite
concentrations ranged from 0.0±0.0 to 47.7±44.3 µmol kg -1 in first year sea ice at Station Nord
and from 0.0±0.0 to 952.7±942.4 µmol kg-1 in first year sea ice at Cambridge Bay (unless
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otherwise specified, errors represent the standard error of the mean throughout). In multi year sea
ice at Station Nord, image analysis yielded concentrations ranging from 0.0±0.0 to 2.4±2.4 µmol
kg-1 in the upper 170 cm of the sea ice. When calculated using image analysis, ikaite
concentrations in the snow cleared areas ranged from 8.7±6.3 to 47.7±44.3 µmol kg -1 at Station
Nord and from 0.0±0.0 to 30.3±13.1 µmol kg-1 at Cambridge Bay. Uncertainties were
determined using the standard error of the mean and ranged from 0.0 to 942.4 µmol kg -1 when
using image analysis on a much smaller sub-sample than DIC analysis of filtered crystals to
determine ikaite concentration.
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Figure 3.7: Average ikaite concentrations in first year sea ice calculated using (A) image analysis and (B) DIC analysis of
filtered crystals, Station Nord, Greenland, April 2015. All error bars represent the standard error of the mean.
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Figure 3.8: Average ikaite concentrations in multi year sea ice calculated using (A) image analysis and (B) DIC analysis of
filtered crystals, Station Nord, Greenland, April 2015. All error bars represent the standard error of the mean.
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Figure 3.9: Average ikaite concentrations in first year sea ice calculated using (A) image analysis and (B) DIC analysis of
filtered crystals, Cambridge Bay, Nunavut, May 2016. Error bars in Fig. 8a represent the standard error of the mean except at
0 cm (0.25 standard error) and 140 cm (0.25 standard error). All error bars in Fig. 8b represent the standard error of the mean.

Ikaite concentrations calculated using DIC analysis of filtered crystals were generally
lower than those calculated with image analysis in first year sea ice. At Station Nord, ikaite
concentrations in first year sea ice calculated with the DIC method ranged from 1.7±0.3 to
12.0±0.3 µmol kg-1 and those at Cambridge Bay ranged from 4.9±1.1 to 146.9±8.1 µmol kg -1. In
multi year sea ice, ikaite concentrations calculated with DIC analysis were generally higher than
those determined with image analysis and ranged from 1.2±0.2 to 6.7±4.1 µmol kg -1. When
using this method, uncertainties ranged from 0.003 to 66.3 µmol kg -1. In first year sea ice, the
difference in ikaite concentrations determined using the two methods ranged from 0.03 to
137.7 µmol kg-1; in multi year sea ice this difference ranged from 0.9 to 6.7 µmol kg-1. Average
ikaite concentrations calculated with both methods at each sampling site are shown in Table 3.2.
3.4 Discussion
3.4.1 Relationship between ikaite and environmental data
Ikaite concentrations in sea ice are expected to increase as temperature decreases (Fig.
3.10; Rysgaard et al., 2013), so higher ikaite concentrations are expected in the winter than in the
spring and fall. This is consistent with observations made during this study although the
correlation between ikaite abundance and temperature is weak (Fig. 3.10). The highest ikaite
concentrations were generally observed in the upper 20 cm of the sea ice cores where sea ice was
coldest. In addition, the coldest sea ice, located at SERF, contained the highest ikaite
concentrations (Fig. 3.10). Sea ice temperatures recorded at Station Nord were higher than those
from previous studies (e.g., Geilfus et al., 2013a; 2013b) and at Cambridge Bay and SERF due to
the thick insulating snow cover at Station Nord. These warm temperatures correspond with
lower ikaite concentrations than those at Cambridge Bay and at SERF, as well as those
previously recorded such as 15 to 25 µmol kg-1 near Barrow, Alaska (Geilfus et al., 2013a), 100
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to 900 µmol kg-1 in Young Sound (Rysgaard et al., 2013), and 162.1 to 241.5 µmol kg-1 northeast
of Greenland (Rysgaard et al., 2012). Nomura et al. (2013) did not observe a clear link between
sea ice temperature and the presence or absence of ikaite crystals, but this study shows that
warmer sea ice is less likely to contain high concentrations of ikaite. Colder sea ice temperatures
were recorded in multi year sea ice than in first year sea ice at Station Nord, but ikaite
concentrations in multi year sea ice were lower. This indicates a lack of correlation between
temperature and ikaite concentration in multi year sea ice at Station Nord (Fig. 3.10). The multi
year sea ice in Station Nord is formed from low salinity water originating from an under-ice lake
that retains summer melt below the uneven subsurface of the multi year sea ice, so the brines
may not be high enough to facilitate ikaite production. This may not be the case for other multi
year ice forms further offshore.
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Figure 3.10: Ikaite concentration calculated using DIC analysis of filtered crystals
plotted against sea ice temperature. Abbreviations: FYI=first year sea ice, MYI=multi
year sea ice.
Sea ice temperature can also impact ikaite concentrations on short time scales. In the
snow cleared area at Station Nord, ice temperature dropped to -9.2ºC from approximately -4.2ºC
at the upper ice interface. This corresponded with an increased ikaite concentration from
4.9±1.0 µmol kg-1 to a mean of 27.9±8.2 µmol kg-1 in the upper 30 cm of the sea ice cores,
indicating that the rapid cooling of the ice promoted ikaite precipitation. Due to warmer air
temperatures at Cambridge Bay, the temperature of the upper sea ice surface warmed slightly
(from approximately -5.2ºC to -2.4ºC) and the mean ikaite concentration remained constant
within error with values of 45.3±3.4 µmol kg-1 when snow cover remained in place and
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40.7±5.2 µmol kg-1 when the snow was removed. The rapid cooling of the sea ice at Station
Nord when the snow cover was removed was due to the large difference between the air and ice
temperatures before snow removal (~10ºC different). Due to the thinner snow cover (~5 cm at
Cambridge Bay and ~100 cm at Station Nord) and air temperatures similar to sea ice
temperatures at Cambridge Bay, removing the snow cover had less of an impact on sea ice
temperatures and therefore did not significantly affect ikaite precipitation. It should also be noted
that since ikaite precipitates at short time scales when temperatures decrease, the storage of sea
ice at -20ºC prior to image analysis, may produce artifact ikaite and influence the results. To
minimize this effect, storage times are kept as short as possible and image analysis is completed
within 24 hours whenever possible.
Higher bulk salinity is expected to yield higher ikaite concentrations (Rysgaard et al.,
2014). Typical C-shaped bulk salinity profiles were observed in all first year sea ice; this was
particularly pronounced in sea ice grown at SERF since the presence of brine skims and frost
flowers near the air-ice interface made the upper ice surface bulk salinity much higher than the
middle ice layers. In first year sea ice, the C-shaped bulk salinity profiles also corresponded with
C-shaped ikaite concentration profiles (Figs. 3.1, 3.2, 3.4, 3.6, 3.7, 3.9), which were more
pronounced in thin experimental sea ice at SERF than in thicker first year sea ice. The highest
bulk salinities (i.e., at SERF) corresponded with the highest ikaite concentrations and the lowest
bulk salinities (i.e., in multi year sea ice at Station Nord) were associated with the lowest ikaite
concentrations, indicating the two are closely related (Fig. 3.11). Bulk salinities in multi year sea
ice at Station Nord were near zero and ikaite concentrations were below 7 µmol kg-1, indicating
that in multi year sea ice salinity influences ikaite precipitation more strongly than temperature
(Fig. 3.11).
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Figure 3.11: Ikaite concentration calculated using DIC analysis of filtered crystals
plotted against bulk sea ice salinity. Abbreviations: FYI=first year sea ice, MYI=multi
year sea ice.
Bulk salinity is strongly correlated with TA and DIC in this study (R2=0.81 and 0.70,
respectively; p<0.05); the highest mean TA and DIC concentrations were at SERF (605.4 µmol
kg-1 and 453.2 µmol kg-1, respectively) where bulk salinity was highest and the lowest mean TA
and DIC concentrations were in multi year sea ice at Station Nord (78.0 µmol kg-1 and 81.4 µmol
kg-1, respectively) where bulk salinity was lowest (Figs. 3.1 to 3.4). This supports findings from
previous studies (e.g., Rysgaard et al., 2009) and suggests that higher ikaite concentrations are
expected with higher TA and DIC concentrations, which is consistent with observations from
this study (Figs. 3.12, 3.13). Both TA and DIC are rejected from sea ice along with brine, but the
rejection of DIC exceeds that of TA (Rysgaard et al., 2007). This is likely because sea ice stores
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TA in the form of calcium carbonates, resulting in high TA:DIC ratios in sea ice. It was
suggested that bulk TA:DIC ratios of 2 would indicate ikaite precipitation (Rysgaard et al., 2007;
2009; Geilfus et al., 2016). However, ikaite crystals were observed in all ice types during this
study and mean TA:DIC ratios ranged from 0.7 in multi year sea ice at Station Nord to 1.3 at
SERF (Figs. 3.1-3.4, 3.14), indicating that ikaite precipitation will occur when the TA:DIC ratio
is less than 2. This also supports previous findings, where ikaite was observed when TA:DIC
ratios ranged from 1.1 to 1.6 (Geilfus et al., 2013a). In general, higher ikaite concentrations are
associated with higher TA:DIC ratios. The highest observed mean ikaite concentrations
(717.3 µmol kg-1 at SERF) were associated with the highest TA:DIC (1.6). At Cambridge Bay,
the highest mean TA:DIC ratio (1.3) also corresponded with the highest ikaite concentration
(69.5 µmol kg-1).
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Figure 3.12: Ikaite concentration calculated using DIC analysis of filtered crystals
plotted against TA. Abbreviations: FYI=first year sea ice, MYI=multi year sea ice.
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Figure 3.13: Ikaite concentration calculated using DIC analysis of filtered crystals
plotted against DIC. Abbreviations: FYI=first year sea ice, MYI=multi year sea ice.
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Figure 3.14: Ikaite concentration calculated using DIC analysis of filtered crystals
plotted against the TA:DIC ratio. Abbreviations: FYI=first year sea ice, MYI=multi
year sea ice.
Both TA and DIC concentrations will also affect ikaite concentration. The highest TA
and DIC concentrations (1433.2 µmol kg-1 and 862.0 µmol kg-1, respectively at SERF) were also
associated with the highest ikaite concentrations. In thicker first year sea ice at Cambridge Bay,
TA, DIC, and ikaite concentrations showed general C-shaped vertical profiles (Figs. 3.4, 3.9).
Ikaite concentration and TA are better correlated than ikaite concentration and DIC (Figs. 3.12,
3.13), indicating that much of the TA in the sea ice is stored in ikaite, as suggested by previous
studies (e.g., Rysgaard et al., 2007; 2009).
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At Station Nord, the mean TA:DIC ratio is less than one in both first and multi year sea
ice (0.7 and 0.9, respectively) and generally increases with depth, but ikaite concentration
generally decreases with depth. The low TA and DIC concentrations observed at Station Nord,
combined with the low bulk salinity, are not conducive to ikaite precipitation, hence the low
ikaite concentrations observed in both first and multi year sea ice. It should be noted here that
first year sea ice at Station Nord are formed from very low salinity seawater (Bendtsen et al. (in
press)). Small variations in low TA and DIC concentrations (e.g., less than 100 µmol kg -1 in
multi year sea ice and less than 220 µmol kg-1 in first year sea ice) will cause large variations in
the TA:DIC ratio, so ikaite concentration and TA:DIC ratios are not closely related when TA and
DIC concentrations are low (Fig. 3.14).
In first year sea ice at Station Nord, mean DIC concentration exceeds TA concentration at
all depths and ikaite concentrations were lower than in first year sea ice at Cambridge Bay,
SERF, and in previous studies (e.g., Geilfus et al., 2013a; Rysgaard et al., 2013). This indicates
that most TA is stored in the sea ice as ikaite but there is still CO 2 and DIC present. In interior
sea ice layers, which act as a semi-closed system, ikaite precipitation produces CO 2 that could
remain trapped. This, in turn, would increase DIC and CO 2 concentrations, lowering the pH and
promoting ikaite dissolution (Hare et al., 2013). This process may partially explain the low ikaite
concentrations in first year sea ice at Station Nord. However, low TA and DIC concentrations, in
conjunction with low bulk salinity, will prevent supersaturation of sea ice brine with respect to
carbonate and limit ikaite precipitation. It is also possible that DIC concentrations are higher than
TA concentrations due to heterotrophic bacterial activity in the sea ice, which would release CO 2
and increase DIC concentrations. More work is required to determine the relationship between

61

bacterial activity and ikaite precipitation, since available data is currently limited (e.g., Søgaard
et al., 2013).
It is likely that during the sea ice algae bloom, DIC concentrations will decrease, resulting
in an increased TA:DIC ratio (Rysgaard et al., 2007). This is consistent with observations at
Cambridge Bay, where higher chlorophyll-a concentrations were associated with low DIC
concentrations and high TA:DIC ratios, which are best observed in core CB-2016-06 (Fig. 3.15).
The increased TA:DIC ratio near the bottom of this sea ice core, where sea ice algae is present, is
also associated with an increased ikaite concentration (Figs. 3.5, 3.15). The elevated ikaite
concentrations when sea ice algae are present may be because carbon is consumed during
photosynthesis, increasing pH and enhancing the conditions that promote ikaite precipitation.
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Figure 3.15: Vertical profile for sea ice core CB-2016-06: (A) temperature and bulk
salinity; (B) TA and DIC; (C) TA:DIC ratio; and (D) ikaite concentration. The decrease
in DIC and related increase in TA:DIC ratio is associated with the presence of sea ice
algae near the bottom of the core. Error bars represent the standard error of the mean.
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3.4.2 Effectiveness of DIC analysis of filtered crystals to quantify ikaite
The DIC method yielded higher values than image analysis in all multi year sea ice and in
47% of first year sea ice samples. In multi year sea ice, this is likely due to the low number of
observed ikaite crystals and the fact that the few crystals present were quite small (i.e., <10 µm).
Dieckmann et al. (2008) indicate that since ikaite is not stable at temperatures above 4ºC, crystals
will begin to dissolve immediately. As a result, any crystals that were smaller than ~5 µm may
have dissolved before they could be photographed. In first year sea ice, ikaite crystals are larger
(5 to 100 µm) and may take several hours to dissolve completely (Rysgaard et al., 2012). This is
consistent with observations made at Cambridge Bay, where a 50 µm crystal dissolved
completely in ~15 minutes and a 75 µm crystal was greater than half its original size after 20
minutes at room temperature. Crystals that completely or partially dissolve before they can be
photographed will result in an underestimation of ikaite concentration when using image
analysis. However, it is assumed that since meltwater never warmed to more than 4ºC during
filtration, ikaite crystals remain intact, meaning they will be included in calculations when using
DIC analysis of filtered crystals to quantify ikaite. To prevent rapid dissolution of crystals during
image analysis, slides were placed on a chilled aluminum slide to keep meltwater cold.
In first year sea ice, DIC analysis of filtered crystals yielded ikaite concentrations lower
than image analysis in 53% of cases. When using image analysis to estimate the volume of ikaite
crystals, a cubic form is assumed. However, ikaite is a monoclinic mineral (β=110.53ºC; Hesse
et al., 1983), so this assumption resulted in a volume overestimation of ~7% (Rysgaard et al.,
2014). The result of this assumption is an overestimation in ikaite concentration that will be more
pronounced with larger ikaite crystals, such as those found in first year sea ice, since larger
crystals will result in a larger volume overestimation. Using DIC analysis does not consider the
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volume of individual crystals, so ikaite concentrations calculated using this method will be more
accurate.
Image analysis is a time consuming process. Each subsample needs to be photographed
and each photograph needs to be processed (software ImageJ) before ikaite concentration can be
calculated. However, this is not a factor when using DIC analysis of filtered crystals since it
requires less sample preparation. Sea ice needs to be melted anyway for TA and DIC
measurements so to use DIC analysis to determine ikaite concentration, it is only necessary to
ensure that temperatures remain between 0°C and 4°C during the melting of the sea ice section
and during the filtration process.
Another limitation of image analysis is that ikaite is unevenly distributed through sea ice.
Previous studies have indicated that ikaite crystals are mainly located in the interstices between
ice platelets (Rysgaard et al., 2014), accounting for the uneven spatial distribution. Subsamples
for image analysis are taken from random places throughout each 10 cm sea ice section to
attempt to get a representative sample. However, each subsample weighs less than 600 mg,
representing less than 1% of the total sample, so random subsamples may not be truly
representative of the total ikaite concentration in sea ice. Furthermore, ikaite is also unevenly
distributed on a microscopic scale, and ikaite is absent from the majority of each subsample.
During microscopy, areas chosen to photograph tend to be those containing ikaite crystals. This
could result in an overestimation of ikaite concentration when using image analysis. This bias is
eliminated when using the DIC analysis method since the entire sea ice core is used, yielding a
more accurate ikaite concentration.
The DIC analysis of filtered ikaite crystals is an effective method of ikaite quantification,
but it still has some limitations. Crystals smaller than 0.7 µm will pass through the filter pores.
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However, ikaite crystals of this size were not detected by microscopic analysis and therefore not
included in ikaite concentrations by either method. If crystals dissolve before filtration is
completed, they will not be considered in calculations using DIC analysis of filtered crystals.
However, by maintaining low temperatures (2ºC) during sea ice melt and by working quickly to
filter the meltwater, dissolution of these crystals should be minimized. It is assumed that crystals
will not dissolve below 4ºC, but in principle, dissolution may also occur if ikaite is in contact
with atmospheric CO2 as the ice melts (Rysgaard et al., 2012). Furthermore, DIC analysis
includes all DIC in the sample, including any that is added to the sample when deionised water is
added during sample preparation. To account for any DIC that is added to the sample, blanks are
taken and the DIC concentration of the blanks are subtracted from the total DIC concentration
before calculating ikaite concentration.
Errors in ikaite concentrations were calculated using the standard error of the mean. The
standard errors ranged from 0 to 942.4 µmol kg-1 when using image analysis; the large variation
in error is likely due to the uneven distribution of ikaite crystals and the small subsample size.
Errors range from 0.003 to 66.3 µmol kg-1 when using DIC analysis of filtered crystals,
indicating that this method is more precise than image analysis. The smaller errors are because
the full sea ice core is used, so all ikaite crystals are included during analysis. When not
considering outliers from image analysis (concentrations of 0 µmol kg-1 or greater than
400 µmol kg-1), the two methods agreed within error (using a paired t-test, p<0.05), indicating
that DIC analysis of filtered crystals is an effective method of ikaite quantification.
3.4.3 Influence of ikaite in ice covered seas
Sea ice extent and volume is rapidly decreasing, with seasonal sea ice cover replacing
multi year sea ice (Stroeve et al., 2014). Nine of the lowest sea ice extents on record occurred
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between 2007 and 2015 (Galley et al., 2016) and it is predicted that the Arctic could be ice free
in September before 2050, and possibly before 2020 (Overland and Wang, 2013). The increased
first year sea ice cover could greatly increase the significance of the sea ice carbon pump when
considering carbon fluxes in ice covered seas (Grimm et al., 2016). This is particularly true when
considering carbon fluxes on a regional scale, since the sea ice carbon pump is largely influenced
by the cycle of sea ice growth and decay, as well as changes in sea ice porosity, temperature, and
salinity (Rysgaard et al., 2011). Since ikaite most commonly precipitates in first year sea ice,
increasing seasonal sea ice cover will increase its contributions to air-sea CO2 exchange in ice
covered seas.
First year sea ice typically has a higher bulk salinity than multi year sea ice, which is
consistent with observations at Station Nord, where both first and multi year sea ice were
sampled. Higher bulk salinity is also associated with higher TA and DIC concentrations (Chapter
3.4.1) and ikaite concentrations increase with increasing bulk salinity and TA and DIC
concentrations (Figs. 3.11-3.13). If ikaite crystals remain trapped in the sea ice but the CO 2
produced by ikaite precipitation is removed from the sea ice, either by gravity drainage (e.g.,
Rysgaard et al., 2007) or by being released to the atmosphere (e.g., Geilfus et al., 2013a), then
the dissolution of ikaite during sea ice melt will result in the release of excess TA that is stored in
ikaite, increasing the buffering capacity of sea ice and surface meltwater and enhancing CO 2
uptake by the ocean (i.e., the sea ice driven carbon pump; Rysgaard et al., 2007; 2009; 2011). In
the mid-1980s, multi year sea ice accounted for 70% of Arctic winter sea ice extent but this
dropped to less than 20% by 2012 (Stroeve et al., 2014). The replacement of multi year sea ice
with seasonal sea ice will result in increased salinity and TA and DIC concentrations, so ikaite
concentrations are also expected to increase with increasing first year sea ice cover. Higher ikaite
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concentration will store higher amounts of TA (Fig. 3.12), so it is likely that more first year sea
ice cover will enhance the sea ice carbon pump and increase the contribution of ice covered seas
to global carbon fluxes (Grimm et al., 2016).
The exact timing of ikaite precipitation throughout the sea ice season is not well known,
but changing sea ice conditions (e.g., decreased temperature or increased salinity), such as the
decrease in sea ice temperature over two days when snow cover was removed from an area at
Station Nord, could result in increased ikaite concentrations, even over short time scales. This is
also consistent with observations at Young Sound, Greenland, where ikaite crystals were
observed in new sea ice with one hour (Rysgaard et al., 2013). It is likely that the CO 2 produced
by ikaite precipitation near the upper sea ice surface, such as in the upper layers of the snow
cleared area at Station Nord, is released to the atmosphere, but the overall impact of this is likely
minor (Geilfus et al., 2013a). Increased ikaite concentrations over a short period at Station Nord
indicate that if ikaite continuously precipitates and dissolves throughout the sea ice season,
especially near the upper ice surface where changes in temperature are more likely due to
variable air temperatures and snow cover, the sea ice driven carbon pump will be more
significant throughout the winter.
Snow cover on sea ice can impact sea ice temperature and will likely also influence ikaite
precipitation. Ikaite concentrations were lower in first year sea ice at Station Nord than at
Cambridge Bay since the sea ice was insulated from the atmosphere at Station Nord due to the
thicker snow cover (~1 m), resulting in warmer sea ice temperatures. At Cambridge Bay, snow
cover had less of an influence on ikaite concentration than at Station Nord. Temperatures in the
upper sea ice layers at Cambridge Bay were similar to air temperatures, suggesting that the
insulating effect of the snow cover was limited. Brine volume and sea ice permeability will
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increase with increasing temperature (Cox and Weeks, 1983), so ikaite that precipitates in
warmer sea ice is more likely to be mobile and removed from the sea ice to the underlying sea
ice. A thick snow cover may also impede air-sea CO2 exchange (Brown et al., 2015). The result
of this would be a release of CO2 to the atmosphere when the snow melts. If ikaite is removed
from the sea ice, its influence on the sea ice carbon pump will be limited (Delille et al., 2014).
However, if the sea ice is colder, possibly due to a thinner snow cover, brine volume and sea ice
permeability will decrease, increasing the likelihood that ikaite remains trapped in the sea ice
matrix and will contribute to the sea ice carbon pump.
Ikaite has been observed in snow but the distribution of ikaite in snow is unknown,
although it is likely that crystals are transported into the snow cover from the sea ice (Fischer et
al., 2013). It is necessary to compare sea ice with similar salinities and variable snow cover
before the overall impact of snow cover on ikaite precipitation, the sea ice carbon pump, and airsea CO2 fluxes can be fully understood.
3.5 Conclusions
Ikaite concentrations in sea ice are affected by temperature, salinity, TA, DIC, and the
TA:DIC ratio. Based on the data collected from SERF, Station Nord, and Cambridge Bay, we
can make several conclusions regarding the influence of these environmental parameters on
ikaite concentrations:
1. Ikaite will precipitate most readily in cold sea ice with high bulk salinities and high
TA:DIC ratios. The highest ikaite concentrations were observed at SERF, where
ikaite concentrations in the upper layers of sea ice approached 1000 µmol kg-1, sea ice
temperatures were below -3.9ºC, bulk salinities were above 4.9, TA and DIC were
above 376.2 and 316.9 µmol kg-1, respectively, and the TA:DIC ratio approached 1.7.
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Conversely, ikaite concentrations in first and multi year sea ice at Station Nord,
where sea ice temperatures were warmer and bulk salinities, TA and DIC
concentrations, and the TA:DIC ratio were lower, were all below 100 µmol kg -1.
2. Ikaite concentrations at Station Nord were lower than at Cambridge Bay and at other
locations in the Arctic. The low salinity seawater at Station Nord in conjunction with
the low sea ice bulk salinity, TA, and DIC likely prevent high ikaite concentrations.
3. Ikaite and sea ice algae were observed together at Cambridge Bay for, to our
knowledge, the first time. The presence of sea ice algae may enhance the conditions
that promote ikaite precipitation since algae consume carbon during photosynthesis,
increasing pH.
4. When the TA:DIC ratio is greater than 1 and TA and DIC concentrations are greater
than 100 µmol kg-1, such as at SERF and at Cambridge Bay, ikaite concentrations
generally increase with increasing TA:DIC ratios. At Station Nord, TA and DIC
concentrations are generally less than 100 µmol kg -1 and TA:DIC ratios are generally
less than 1, and the relationship between ikaite concentration and TA:DIC ratio is
unclear.
Increased seasonal sea ice cover in the Arctic will result in higher salinities and TA and
DIC concentrations, which could enhance ikaite precipitation. Elevated ikaite concentrations will
result in increased CO2 production. If the CO2 is removed from the sea ice and ikaite remains
trapped within the sea ice matrix, then TA stored in ikaite will increase, which will enhance the
buffering capacity of the sea ice and meltwater when ikaite dissolves during ice melt and TA is
released. This will result in a more efficient sea ice carbon pump and increased CO 2 uptake by
the surface waters.
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Based on the results from the Station Nord and Cambridge Bay field campaigns, DIC
analysis of filtered crystals is an effective and efficient method of determining ikaite
concentration in sea ice. This method yields more accurate and more precise ikaite
concentrations than image analysis in all sea ice types and we recommend it be used in future
ikaite quantification measurements in sea ice. This, in turn, will lead to increased understanding
of its spatial and temporal dynamics as well as its role in carbon fluxes in ice-covered seas.
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Chapter 4: Conclusions
4.1 Summary
Ikaite is found in all sea ice types at all depths. Its abundance is dependent on sea ice
temperature, salinity, dissolved inorganic carbon (DIC), total alkalinity (TA), and the TA:DIC
ratio. It is most abundant in the upper 20 cm of cold, saline first year sea ice with TA:DIC ratios
between 1 and 2, such as at Cambridge Bay, Nunavut or the Sea-Ice Environmental Research
Facility (SERF), University of Manitoba, Canada. Higher ikaite concentrations in the bottom ice
layers, such as at Cambridge Bay, are associated with the presence of sea ice algae. It is possible
that CO2 consumed by sea ice algae during primary production increased the alkalinity of the ice,
thus creating conditions more conducive to ikaite precipitation. However, more work is required
to determine how ikaite concentrations are related to primary producers in sea ice.
The Arctic is rapidly changing and multi year sea ice is being replaced by thinner, saltier
seasonal sea ice. It is expected that the Arctic Ocean will be ice free in September before the end
of the century. As first year sea ice becomes more abundant, it is probable that ikaite will
precipitate more readily. As the concentration of ikaite increases, it is likely that it will play a
more significant role in sea ice driven CO 2 fluxes. Accurately quantifying ikaite is difficult, but
using DIC analysis of filtered crystals is an effective and efficient technique that can be used in
conjunction with other carbonate system measurements to determine how ikaite influences CO 2
uptake by ice covered seas.
4.2 CO2 dynamics in ice covered seas
The timing of precipitation and distribution of ikaite crystals will affect the significance
of ikaite to the sea ice carbon pump. If ikaite concentrations increase, more TA will be stored as
ikaite and be released when crystals dissolve during sea ice melt. This will increase the buffering
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capacity of surface waters and enhance CO2 uptake (Rysgaard et al., 2012). For example, the
dissolution of ikaite increased CO2 uptake by 36% compared with ikaite-free sea ice under the
same conditions in a recent study (Søgaard et al., 2013). Ikaite concentrations during this study
were low (i.e., <5 µmol kg-1). In another study by Rysgaard et al. (2012), CO2 uptake as a result
of melting sea ice containing ikaite was double the uptake of melting sea ice without ikaite.
Ikaite concentrations in this study were higher than those in the study by Søgaard et al. (2013)
and as a result, it is expected that higher ikaite concentrations (e.g., approximately 50 µmol kg -1
at Cambridge Bay) will enhance CO2 uptake. As a result, increased ikaite concentrations in the
Arctic, which are expected since multi year ice is being replaced with first year sea ice, will
allow CO2 to be taken up more readily than current sea ice with little or no ikaite present.
4.2.1 Upper sea ice layers
The length of the sea ice season in the Arctic decreased at a rate of approximately
5 days decade-1 between 1979 and 2013 (Stroeve et al., 2014). Partly as a result of this decrease,
snow depth on Arctic sea ice is also decreasing (Hezel et al., 2012). A thinner snow cover will
not insulate sea ice as efficiently so sea ice temperatures will be more influenced by air
temperature, such as in the snow cleared area as Station Nord, Greenland. As a result, large
fluctuations in air temperature could change the temperature of the upper layers of sea ice
(approximately the top 20 cm). Ikaite precipitates more readily in colder sea ice, so colder sea ice
could increase ikaite concentrations during the winter months. The CO 2 that forms when ikaite
precipitates near the upper surface will likely be released to the atmosphere, resulting in an efflux
of CO2 (Geilfus et al., 2013). However, this amount is quite small when compared with CO 2
uptake by seawater during ice melt or the open water season. The colder sea ice temperatures
will prevent the dissolution of ikaite during the winter months, which will further enhance CO2
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uptake during sea ice melt. Since variations in sea ice temperature can affect ikaite
concentrations on short time scales (e.g., Station Nord, May 2015; Rysgaard et al., 2013), if the
sea ice temperature fluctuates throughout the winter ikaite may precipitate and dissolve
continuously, which could potentially enhance CO 2 fluxes during the winter months (Rysgaard et
al., 2012). In addition, snow likely impedes CO 2 fluxes between sea ice and the atmosphere, even
when sea ice conditions would otherwise make gas exchange possible (Brown et al., 2015).
Ikaite crystals have been observed in snow covering sea ice in several instances (e.g.,
Fischer et al., 2013; Nomura et al., 2013). The mostly likely reason that ikaite is present in the
snow is the transportation of crystals from the sea ice via capillary action (Fischer et al., 2013).
Little is known about the significance of ikaite in snow, and additional work is required to
determine how changes in snow cover will affect CO 2 fluxes in ice covered seas.
4.2.2 Middle sea ice layers
In the middle layers of sea ice (between approximately 20 cm from the top and 10 cm
from the bottom) at Station Nord and Cambridge Bay, observed ikaite concentrations are lower
than in the upper and lower layers. Permeability of the middle ice is generally low, so it can be
considered a semi-closed system (Delille et al., 2014). Due to the low permeability, CO 2
produced by ikaite precipitation in these layers is more likely to remain trapped in the sea ice,
lowering the pH (Hare et al., 2013) and promoting ikaite dissolution. As ikaite dissolves, CO 2 is
consumed at the same rate as it is produced during precipitation, so in the middle layers the
effect of ikaite on the sea ice carbon pump will be negligible (Delille et al., 2014). The increased
ikaite concentrations that are expected as first year sea ice becomes more abundant will likely
have little impact on the significance of the contribution to the middle ice layers to CO 2 fluxes in
ice covered seas.
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4.2.3 Bottom sea ice layers
The bottom sea ice layers (approximately the lowermost 10 cm) are more permeable than
both the upper and middle layers and will therefore interact more readily with the underlying
seawater. Ikaite has been observed in the bottom sea ice layers, although the specific conditions
promoting ikaite precipitation near the ice-seawater interface are poorly understood. It is possible
that in an open system such as the skeletal layer of sea ice, ikaite will precipitate at near-freezing
temperatures more readily when the brine TA and DIC concentrations are similar to those caused
by photosynthesis in sea ice (Papadimitriou et al., 2013). The observation of ikaite and sea ice
algae together at Cambridge Bay indicates that this may indeed be the case. However, due to the
low salinity seawater at Station Nord and the limited availability of measurements of ikaite
concentrations in the bottom of the sea ice, it is unclear how much ikaite will precipitate before
the sea ice algae bloom. It is also unclear how much ikaite is transported downward from the
upper and middle ice layers as a result of gravity drainage throughout the winter.
Whether or not ikaite that precipitates in the bottom ice layers remains in the sea ice
matrix is a key factor required to determine how much the bottom ice will influence the sea ice
carbon pump. If ikaite remains trapped but CO2-rich brine is removed via gravity drainage, the
sea ice carbon pump will be enhanced during ice melt, as described earlier in Chapter 4.2.
However, if ikaite is removed along with brine, one of two possibilities could occur: (1) crystals
will sink faster than brine and be removed from the surface waters so ikaite precipitation will be
a source of ikaite to the atmosphere, particularly if brine is directly connected to the atmosphere
or (2) crystals and brine will sink at the same rate and CO2 fluxes will be negligible (Delille et
al., 2014). In an experimental sea ice mesocosm, TA increased in seawater over time so it was
determined that some ikaite is removed to the underlying seawater, but at least half of the ikaite
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that precipitates remains in the sea ice (Geilfus et al., 2016). It is difficult to record similar
measurements in a field setting, so the fate of crystals that precipitate in the bottom ice layers
remains unclear. It is likely that ikaite that is removed from the sea ice to the underlying seawater
is dissolved over a relatively short time scale at a rate of approximately 281 µmol kg -1 day-1
(Papadimitriou et al., 2014). If this is the case, the efficiency of the sea ice carbon pump could be
reduced (Geilfus et al., 2016). It is therefore critical to consider the transport of ikaite away from
the sea ice during future studies concerning CO 2 dynamics in ice covered seas.
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