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Abstract. We present the CH4 concentration [CH4], the par-

tial pressure of CO2 (pCO2) and the total gas content in bulk

sea ice from subarctic, land-fast sea ice in the Kapisillit fjord,

Greenland. Fjord systems are characterized by freshwater

runoff and riverine input and based on δ18O data, we show

that > 30 % of the surface water originated from periodic

river input during ice growth. This resulted in fresher sea-ice

layers with higher gas content than is typical from marine sea

ice. The bulk ice [CH4] ranged from 1.8 to 12.1 nmol L−1,

which corresponds to a partial pressure ranging from 3 to

28 ppmv. This is markedly higher than the average atmo-

spheric methane content of 1.9 ppmv. Evidently most of the

trapped methane within the ice was contained inside bubbles,

and only a minor portion was dissolved in the brines. The

bulk ice pCO2 ranged from 60 to 330 ppmv indicating that

sea ice at temperatures above −4 ◦C is undersaturated com-

pared to the atmosphere (390 ppmv). This study adds to the

few existing studies of CH4 and CO2 in sea ice, and we con-

clude that subarctic seawater can be a sink for atmospheric

CO2, while being a net source of CH4.

1 Introduction

The main driver of climate warming is the accumulation of

greenhouse gases such as CO2, CH4 and N2O within the at-

mosphere. Among these, CO2 is the most important in terms

of radiative forcing, followed by methane (Ramaswamy et

al., 2001). The concentrations of these gases in the atmo-

sphere are 390 and 1.9 ppmv, respectively (2013 levels –

http://www.esrl.noaa.gov/gmd/aggi/). Sea ice was long con-

sidered as an inert barrier for gas exchange between the at-

mosphere and the ocean (Tison et al., 2002), but there is

growing evidence to suggest that in fact sea ice might signifi-

cantly contribute to the fluxes of climatically active biogases

(CO2, CH4) between the ocean and the atmosphere (Delille

et al., 2007; Geilfus et al., 2012a, 2013a; Nomura et al., 2010,

2013; Semiletov et al., 2004; Zemmelink et al., 2006). How-

ever, the regional and global-scale impacts of sea ice on such

gas exchanges are still unknown (Parmentier et al., 2013).

While the Arctic Ocean acts as pump for atmospheric CO2

(Bates and Mathis, 2009; Takahashi et al., 2009), recent stud-

ies show that the Arctic Ocean is a net source of atmospheric

methane (Parmentier et al., 2013). Indeed, recent airborne

measurements in the central Arctic Basin have shown sub-

stantial methane emissions around 2 mg m−2 day−1 in areas

of open leads and fractional ice cover (Parmentier et al.,

2013). Moreover, Damm et al. (2005, 2007, 2010) and Kort et
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al. (2012) reported methane supersaturation in Arctic surface

waters and point to sediments as being the main source. Sev-

eral studies have suggested that methane accumulates in Arc-

tic waters underlying sea ice, where it can be subsequently

oxidized (Kitidis et al., 2010; Kvenvolden et al., 1993; Sav-

vivech et al., 2004; Shakova et al., 2010). While methane ox-

idation is one of the known sinks for methane, the future re-

treat of the Arctic sea-ice cover could limit the residence time

of methane in the water column and the subsequent rates of

methane oxidation. Parmentier et al. (2013) reported a pos-

itive correlation between sea-ice cover extent and methane

emissions, confirming a relationship between reduced sea-

ice extent and a potential impact on gas exchange around the

Arctic Ocean. However, to our knowledge, few studies have

focused directly on CH4 within sea ice itself (Zhou et al.,

2014). Sea ice is an effective barrier to turbulent diffusion

and ebullition flux across the sea–air interface, but since it is

one of the largest biomes in the Arctic, it is a massive system

for CH4 storage and its transformation through biogeochem-

ical processes.

Climatological reconstructions of air–sea CO2 fluxes show

that the polar oceans act as significant atmospheric CO2

sinks, although the complexity and coverage of sea ice are

still poorly represented (Takahashi et al., 2009). Studies by

Delille et al. (2007) and Geilfus et al. (2012a) provided ev-

idence that during spring and summer, CO2 concentrations

in sea-ice brines reach minimum levels due to the combined

effects of brine dilution, calcium carbonate dissolution and

algal photosynthesis. Hence, sea ice acts as a carbon pump

during spring and summer. In contrast, during ice formation

there are indications that sea ice acts as a CO2 source as a

consequence of the concentration of solutes in brines, CaCO3

precipitation and microbial respiration (Geilfus et al., 2013b;

Nomura et al., 2006; Tison et al., 2008).

In this study we had three main objectives: (1) to document

and discuss the interaction between land-fast sea ice, riverine

input and gas dynamics; (2) to quantify CH4 concentrations

in bulk sea ice and to gain key information on the effect of

sea-ice cover on methane emissions in ice-covered seas; (3)

to increase our understanding of the pCO2 dynamics in sea

ice by taking measurements of the spatial and temporal dis-

tributions of pCO2 in the surface ice. Combined these are all

highly pertinent for evaluating the role of coastal Arctic sea

ice in the carbon cycle (Parmentier et al., 2013).

2 Field work

2.1 Study site

The sampling was conducted from 10 to 16 March 2010 on

first-year land-fast sea ice in Kapisillit, in the vicinity of

Nuuk, SW Greenland (64◦26′ N, 50◦13′W) (Fig. 1.). The

water depth at the location was between 40 and 45 m, and

the average salinity of the seawater in the fjord during this

Figure 1. Study site – Land-fast sea ice location in Godthåbsfjord,

SW Greenland. Circle includes the bay with the study site and the

settlement Kapisillit.

period was 32.9 PSU. The air temperatures ranged from−8.8

to+2.9 ◦C, with an average temperature of−3.2 ◦C. The sur-

vey took place before the onset of the algae bloom, and the

concentration of chlorophyll a in the bottom 12 cm of ice

was 2.8± 0.4 µg L−1 (SE, n= 3), and the average concentra-

tion across the entire ice thickness was 1.0± 1.2 µg L−1 (SE,

n= 3) (Søgaard et al. 2013; Long et al., 2012).

2.2 Field sampling

To follow the temporal evolution of the sea ice, we sampled

the sea ice and water column at the same station on four

separate occasions: 11, 13, 15 and 16 March. Sampling was

conducted within an area of about 25 m2 in order to mini-

mize bias from spatial heterogeneity. For each station, five

ice cores were extracted using a Kovacs drill corer with in-

ternal diameter of 9 cm (Kovacs Ent., Lebanon, USA). Cores

were immediately wrapped in polyethylene bags and stored

on the sampling site in a well insulated box with cooling bags

(pre-cooled to −20 ◦C) which ensured brine and gas immo-

bilization and inhibited biological processes (Eicken et al.,
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1991). Back in the laboratory, the ice cores were stored in a

cold room at −25 ◦C before further gas extraction and anal-

yses.

Ice temperature was measured in situ, immediately after

the ice core extraction, at a depth resolution of 5 cm. A cal-

ibrated probe (Testo 720, Hampshire, UK) was inserted into

pre-drilled holes perpendicular to the ice core axis. These

holes had the same diameter as the probe. The precision of

the probe was ±0.1 ◦C. This “temperature” ice core was im-

mediately cut into 5 cm slices, which were then stored in in-

dividual polyethylene pots and left to melt at 4 ◦C. Bulk ice

salinity (Si) was measured with a conductivity meter (Orion

Star Series Meter WP-84TP, Beverly, USA) which had a pre-

cision of ±0.1 for salinity.

Brines were sampled using the sack-hole sampling tech-

nique at 20 and 40 cm below the ice surface (Gleitz et al.,

1995). Each sack hole was covered with a plastic lid to pre-

vent snow and ice shavings from falling into the pit (Thomas

et al., 2010). Under-ice seawater samples were collected

through the ice core hole at 0, 1 and 9 m depth. Both brine

and seawater were collected using a peristaltic pump (Cole

Palmer, Masterflex® – Environmental Sampler). Samples for

dissolved methane were stored in 60 mL vials poisoned with

60 µl of saturated mercury chloride (HgCl2).

3 Analysis

3.1 Ice texture

To describe the texture of the ice, horizontal thin sections

were produced for each 10 cm section of the entire ice col-

umn, using the standard microtome (Leica SM2400) proce-

dure described by Langway (1958) and Tison et al. (2008).

The images from horizontal thin sections were recorded with

a camera (Nikon Coolpix S200) between crossed polarizers.

3.2 Water stable isotope (δ18O)

The stable oxygen isotope ratios (δ18O) were measured in

melted ice core sections, and in discrete under-ice water

and brine samples. Samples for oxygen isotope composi-

tion were transferred into glass vials, filled completely and

tightly capped with poly-seal closures. Analysis was per-

formed on a Picarro Isotopic Water Analyzer, L2120-I (Pi-

carro, Sunnyvale, USA) equipped with a PAL auto sampler

(Leap Technologies, Carrboro, USA). Details of the method

can be found in Versteegh et al. (2012). Results are expressed

in standard δ18O notation using the Vienna Standard Mean

Ocean Water (VSMOW) standard as a reference. Agreement

between triple consecutive injections of the same sample was

usually within ±0.1 ‰.

3.3 Brine volume fraction and Rayleigh number

The brine volume (b) was calculated according to Cox and

Weeks (1983) for ice temperatures <−2 ◦C and Leppäranta

and Manninen (1988) for ice temperatures ≥−2 ◦C. Brine

salinity (Sb) was calculated from the measured sea-ice tem-

peratures and the freezing point of seawater (UNESCO,

1978). The brine volume fraction (Vb) was calculated as b

/bulk sea-ice volume (%).

The Rayleigh number is a parameter that determines the

onset of convection (i.e., gravity drainage) and it provides

information about the vertical stability within the brine in-

clusions. The Rayleigh number, Ra, following the definition

of Notz and Worster (2009), for a given ice depth z, was es-

timated using

Ra =
g (h− z) ρwβw [σ (z)− Sw]π (emin)

Kiη
, (1)

where g is the gravity acceleration g = 9.81 m s−2, h− z is

the distance (m) between the ice–ocean interface at depth h

(m) and the level z (m) in the ice, σ(z) is the brine salin-

ity at the level z within the ice and Sw is the salinity of the

seawater at the ice interface, so that [σ(z)−Sw] expresses

the salinity difference between the brine at the level z in the

ice and seawater at the ice interface, ρw is the density of

pure water βw is the haline expansion coefficient of seawa-

ter, both taken at 0 ◦C from Fofonoff (1985). 5(emin) is the

effective ice permeability (m2) computed using the formula

of Freitag (1999) as a function of the minimum brine volume

emin between the level z in the ice cover and the ice–ocean

interface. η = 1.79 × 10−3 kg (m·s) is the dynamic viscosity

of seawater at 0 ◦C. κi is the thermal diffusivity.

3.4 Total gas content

The total volume of gas within sea ice (content in milliliters

STP (standard temperature and pressure) of gas per kilogram

of ice) was measured – at a resolution of 5 cm – using the

wet extraction method (Raynaud et al., 1988): ice samples

were placed in a glass container and then subjected to vac-

uum at a pressure of 10−2 torr. The ice was melted and then

slowly refrozen at the bottom of the container using a−70 ◦C

cold ethanol bath. This technique of melting and refreezing

releases both the dissolved gas in the brine and the gas con-

tent from the bubbles in the headspace. After the refreezing,

the container was connected to a Toepler pump for extraction

(Raynaud et al., 1988).

3.5 The methane content

The methane from bulk sea ice ([CH4]bulk ice) was extracted

(at 5 cm resolution) using the wet extraction method (Ray-

naud et al., 1988). After refreezing, the headspace of the con-

tainer contained both gas from the bubbles and the dissolved

gas from the brines. The container was then connected to a
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gas chromatograph (Trace GC), which had a flame ioniza-

tion detector (FID) and was equipped with a micro packed

ShinCarbon ST column (Skoog et al., 1997).

Concentrations of CH4 from the seawater, [CH4]sw, and

brines, [CH4]br, were determined by the technique described

by Abril and Iversen (2002): a headspace of 30 mL of N2 was

created in the samples that was vigorously shaken and left

overnight to ensure equilibration between meltwater sample

and the headspace before injecting into a gas chromatograph,

SRI 8610C, equipped with a FID. CH4 : N2 mixtures (Air

Liquide) of 1, 10 and 30 ppmv CH4 were used as standards.

The dissolved CH4 concentrations were calculated using the

solubility coefficient given by Yamamoto et al. (1976).

3.6 Bulk ice pCO2 determination

The bulk ice pCO2 was analyzed using a modification of

the technique described by Geilfus et al. (2012b). The gen-

eral principle of the method is to equilibrate the sea-ice sam-

ples with a mixture of N2 and CO2 of known concentration

(standard gas) at the in situ temperature and subsequently

rapidly extract the gases into a gas chromatograph (GC) un-

der vacuum. The standard gas is injected at 1013 µatm into

the headspace of the container containing the ice. The ice is

cut to fit tightly into the container, minimizing the headspace

volume whilst ensuring a constant headspace volume. The

container containing the ice and the standard gas is placed

in a thermostatic bath to bring the ice sample back to the in

situ temperature. After 24 h, the sample is assumed to have

re-equilibrated to the brine volume and chemical conditions

at the in situ temperature and partially in equilibrium with

the standard gas. The air phase is then injected into an evac-

uated line linked to a gas chromatograph (Varian 3300, Palo

Alto, California, USA). The pressure difference between the

vacuum line and the container force all of the remaining CO2

(i.e., CO2 not yet in equilibrium with the standard gas) to be

rapidly extracted from the brine into the GC line. The method

is only valid if the ice is permeable. We used a 550 ppmv CO2

standard for the equilibration process.

3.7 Seawater pCO2

The pCO2 of brine and seawater from underneath the ice was

measured in situ using a custom-made equilibration system

(Delille et al., 2007). The system consisted of a membrane

contractor equilibrator (Membrana, Liqui-Cel) that was con-

nected to a non-dispersive infrared gas analyzer (IRGA, LI-

COR 6262, Nebraska, USA) via a closed air loop. Brine and

airflow rates through the equilibrator and IRGA were approx-

imately 2 and 3 L min−1, respectively. Temperature was si-

multaneously measured in situ and at the outlet of the equi-

librator using LI-COR temperature sensors. A temperature

correction for pCO2 was applied assuming that the relation-

ship of Copin-Montégut (1988) is valid at low temperature

and high salinity. Data were stored on a LI-COR Li-1400

data logger. All the devices, except the peristaltic pump, were

enclosed in an insulated box that contained a 12 V power

source providing enough warmth to keep the inside tempera-

ture just above 0 ◦C.

4 Results

4.1 Water column

Although the average fjord water salinity was 32.9, it

dropped to below 20 at the ice–water interface (Fig. 2b, lower

part). The δ18O dropped from −0.957 ‰ at 1.09 m depth to

−7.32 ‰ at the ice–water interface (Fig. 2c, lower part).

4.2 Sea Ice

The sea-ice thickness ranged from 62 to 66 cm. Except for

a thin layer of granular ice at the top of the ice, the ice

exclusively consisted of columnar ice indicating that ice

growth occurred through quiet congelation of seawater at the

ice–water interface (Eicken, 2003). We repeatedly observed

tilted columnar ice crystals between 24 and 32 cm suggesting

that there had been a current at the ice–water interface during

ice growth (Fig. 3).

The bulk ice temperature ranged from −3.7 to −0.8 ◦C

with the lowest values in the upper layers (Fig. 2a). The tem-

peratures on 15 and 16 March were slightly higher than on

11 and 13 March. The averaged bulk ice salinity was 3.2

(Fig. 2b). Each profile exhibited a salinity profile that shifted

from the typical C-shaped profile to a reversed S-shaped due

to a drop of the salinity around 25 and 15 cm below the sur-

face. The ice porosity profiles (i.e., brine volume fractions)

were similar to those for the bulk ice salinity. For each pro-

file, the brine volume fraction dropped under the permeabil-

ity threshold of 5 % (Golden et al., 1998, 2007) at 25 and at

45 cm (Fig. 2d). During the survey, the brine network was

therefore not fully connected, preventing the internal fluid

transport. The Rayleigh number (Ra), describing the prob-

ability that fluid transport occurs by convection within the

brine network at a given depth in the sea ice, never exceeded

0.3, and therefore the expected critical convection threshold

of 10 following Notz and Worster (2009) or 5 from Vancop-

penolle et al. (2010) (Fig. 2e) was not obtained during our

study. During the 4 days, Si and Vb did not evolve and no

temporal evolution trend was observed.

The δ18O ice isotopic composition ranged from −4 to

−10 ‰ (Fig. 2c). The observed isotopic distributions dis-

played (1) depletion in heavy isotope at the same depth as

the drop of the bulk ice salinity was observed (≈ 25 cm) and

(2) variation along the ice column greater than the maxi-

mum allowed by the fractionation coefficients. According

to the literature (e.g., Eicken et al., 1998; Souchez et al.,

1987, 1988), the fractionation rate depends on the freez-

ing rate and on the thickness of the boundary layer. The

fractionation coefficients at typical sea-ice growth velocities

Biogeosciences, 11, 6525–6538, 2014 www.biogeosciences.net/11/6525/2014/
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Figure 2. Panel (a) shows bulk ice temperature, (b) bulk ice salinity, (Si) and underneath water salinity, (c) bulk ice δ18O content and δ18O

of the underneath water, (d) brine volume fraction Vb, the dashed line is a reference value for the permeability threshold following Golden et

al. (1998), (2007), (e) Rayleigh number, Ra, the solid and dotted lines are a reference value for the convection threshold according to Notz

and Worster (2009) and Vancoppenolle et al. (2010), respectively, (f) the total gas content in the ice cover; the white circle represent the air

concentration at saturation within the ice and the dotted line is a reference value for the total gas content for instant freezing seawater (Cox

and Weeks, 1983).

range from 1.5 and 2.5 ‰, with an equilibrium value (zero

growth velocity) of around 2.7 ‰ (Eicken et al., 1998). On 11

March, the isotopic composition (18 to 22 cm) dropped from

−5.5 to −9.2 ‰ (1= 3.7 ‰). On 15 March, the isotopic

composition (22 to 26 cm) changed from −5.6 to −9.1 ‰

(1= 3.6 ‰). The fractionation process within sea ice itself

cannot explain these shifts.

4.3 Gas content

4.3.1 Gas total

All values are below the expected content of instant freez-

ing seawater (IFSW) (Cox and Weeks, 1983) and ranged be-

tween 4 and 21 mL STP kg−1 ice (Fig. 2f). A peak in gas

content was observed between 25 and 35 cm, which is where

both the bulk ice salinity, and the brine volume fraction were

at their lowest and where the ice was depleted in δ18O.

4.3.2 Methane content

The concentration of dissolved CH4 in the seawater ranged

from 5.7 to 18.4 nmol L-1 and the maximum concentrations

were measured at the ice–water interface (Fig. 4). The bulk

ice methane concentration, [CH4]bulk ice, ranged from 1.8 to

12.1 nmol L−1 (Fig. 3). The methane, as part of total gas vol-

ume (i.e., mixing ratio : [CH4]bulk ice divided by the total gas

content of the ice), ranged from 3.2 to 28.7 ppmv during the

study, with an average value of 11.8 ppmv. The dissolved

methane measured in the brine liquids, [CH4]br, ranged from

12.0 to 17.0 nmol L−1.

4.3.3 Bulk ice pCO2

The pCO2 of the underlying seawater (below 0.5 m)

was slightly undersaturated compared to the atmosphere

(390 ppmv) and very undersaturated (77–130 ppmv) com-

pared to seawater at the ice–water interface. For the ice col-

umn, the average bulk ice pCO2 was 194 ppmv. Except on

16 March, the bulk ice pCO2 increased from a minimum of

lower than 185 ppmv at the bottom of the ice to a maximum,

exceeding 330 ppmv, in the top layers of the ice (Fig. 5.).

5 Discussion

5.1 Riverine input and sea-ice fjord system

5.1.1 Freshwater input at the ice–water interface

A thin surface layer with low salinities (Ssurf < 20) and strong

isotope depletion (δ18Osurf <−8 ‰) characterized the upper

part of the water column. The low salinities and heavy iso-

tope depletion could result from a dilution process, which

implies a mixing of the fjord water with a water mass ei-

ther from melting ice or from the Kapisillit river, or both.

www.biogeosciences.net/11/6525/2014/ Biogeosciences, 11, 6525–6538, 2014
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Figure 3. Tilted columnar ice crystals from 15 March (right) be-

tween 24 and 32 cm below the sea-ice surface.

Assuming a conservative mixing between the three end mem-

bers, the fraction of river water and the melting ice in the

fjord water surface can be deduced from the following equa-

tions:

1= friv+ fice+ ffjord, (2)

Ssurf = Sriv · friv+ Si · fice+ ffjord · Sfjord (3)

δ18Osurf = friv · δ
18Oriv+ fice,

· δ18Oice+ ffjord · δ
18Ofjord, (4)

where friv, fice and ffjord are the fraction of river wa-

ter, melting ice and fjord water present at the surface of

the fjord. Ssurf, Sfjord, Sriv and Sice are the salinity of

the surface water (Ssurf < 20), the fjord water at 9 m depth

(Sfjord = 32.9), the river water (which is assumed to equal

0) and the bottom bulk ice salinity (4.6 < Sice < 8.8), where

δ18Osurf, δ
18Oriv, δ18Oice and δ18Ofjord are the δ18O content

of the fjord surface layer (−6.44 ‰ < δ18Osurf <−7.82 ‰),

the river water (δ18Oriv=−14.84 ‰), the bottom of the ice

(δ18Oice =−4.55 ‰) and the fjord water at 1.09 m depth

(δ18Ofjord =−0.957 ‰). Based on the results from these

equations, the fraction of freshwater during the sampling pe-

riod varied from 33 to 50 % and water from the melting ice

was less 2 %. This is in agreement with the study of Long et

al. (2012) from the same area at the same period, which re-

vealed low rates of ice melt at a maximum of 0.80 mm day−1.

As the river was unfrozen below its surface, we suggest that

the stratification results from an input of freshwater from the

Kapisillit river.

5.1.2 Freshwater for earlier ice growth

In the previous section we have shown that freshwater from

the Kapisillit river contributed to the low salinities close to

the ice–water interface. During earlier ice growth, a freshwa-

ter input may have produced similar changes of salinity, gas

content and isotope content into the water from which the

sea ice had formed. If no change had occurred in the parent

water, we would expect that the isotopic composition of sea

ice from the under-ice water would monotonically shift to-

wards higher δ18O values due to isotopic fractionation favor-

ing the incorporation of heavy isotopes into the solid phase

(ice) as compared to the liquid phase (Eicken et al., 1998;

Souchez et al., 1988). Similarly, due to salt rejection dur-

ing the freezing process, the salinity of sea ice would shift

towards lower salinities than the parent seawater. The salt

rejection rate as well as the isotopic fractionation depends

mostly on the sea-ice growth rate (Eicken, 2003). Once sea

ice is formed, desalination occurs. The combination of salt

segregation, gravity drainage and brine expulsion explains

the typical “C-shape” of the salinity profiles, which evolve

into the “I-shape” during the melting period (Eicken, 2003).

The δ18O profiles should, however, still monotonically in-

crease towards the bottom of the ice since most of the iso-

topic signal is recorded into the ice crystals themselves.

According to our data, the average bulk ice salinity (Si)

of 3.2 was lower than typical values of first-year ice by a

factor of 2 (Cox and Weeks, 1988; Eicken, 2003) and close to

the bulk ice salinity (2 < Si < 4.7) of sea ice grown under the

influence of brackish water in the Laptev region of the Arctic

Ocean (Eicken et al., 2005). The low Si induced a low brine

volume fraction (Vb) that exceeded 10 % only in the bottom

horizons of the ice and fell below the permeability threshold

of 5 % (Golden et al., 1998, 2007) in the first 5 cm, between

20 and 30 cm and at 45 cm depth (Fig. 5; dotted area). Thus,

the brine network was stratified and not fully interconnected

during the sampling period. Our measurements suggest that

no fluid transport by convective processes could have taken

place during the sampling period since the Rayleigh numbers

(Ra) were well below the threshold of 10 (Notz and Worster,

2009) or 5 (Vancoppenolle et al., 2010).

There was a positive correlation between the bulk ice

salinity and the isotope content between the 20–30 cm in-

terval (Fig. 6). The isotopic composition measured on bulk

sea-ice results from a contribution of both brine and pure

ice. Since the brine accounts for less than 10 % of the ice

volume, the ice isotopic composition measured originates

mainly from the pure ice. As no fractionation occurs in the

solid phase during melting (Jouzel and Souchez, 1982), the

δ18O content in pure ice should not change over time and

should depend only on processes occurring during freezing

and on the composition of the underlying seawater (Eicken

et al., 1998). On the other hand, the bulk ice salinity origi-

nates from the brine medium. Like the ice isotopic content,

the bulk ice salinity depends on the ice growth velocities
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 843 
Figure 3: Tilted columnar ice crystal from March 15 (right) between 24 cm and 32cm 844 

below the sea ice surface.  845 
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Figure 4. Evolution of CH4 concentrations ([CH4]bulk ice) in bulk sea ice as compared to the concentrations at saturation (white circle). The

latter was obtained by multiplying the calculated solubility in brine (nmol L−1 brine) by the relative brine volume (L brine L−1 bulk ice)

and on the composition of the underlying seawater. However,

once the ice is formed, desalination occurs. Sea ice looses

salt primarily through brine drainage, convective transport,

or flushing (Untersteiner, 1968). Since the bulk ice salin-

ity is still correlated with the ice isotopic signal (Fig. 6.;

R2
= 0.64, p < 0.001), it appears that no major desalinization

process has been active within the ice cover. Therefore, this

ice should hold the original characteristics inherited from the

parent water during the freezing process.

S-shaped profiles in the ice isotopic distribution and bulk

ice salinity are uncommon and cannot be explained by the

freezing or by desalinization processes. Since the ice core

samples were obtained before the onset of surface melt, and

as there are no traces of either convective processes, melt-

water infiltration or superimposed ice in any of the samples

suggests that both the anomalies in the ice salinity profiles

and the heavy isotopic depletion in the ice are mainly due to

changes of water mass. We also note that the repeatedly ori-

ented columnar ice crystals observed between 24 and 32 cm

(Fig. 3) suggest the presence of a current at the ice–water

interface.

The bulk ice salinity and the ice isotope distribution can be

used as a proxy to track the salinity and the isotopic compo-

sition of the parent water, and hence indirectly quantify the

fraction of river water. Thus, we may derive the fraction of

river water present in a volume of sea ice from isotope mass

balance using the equation developed by Eicken et al. (2005):

friv =

[
δ18O− ε− δ18Ofjord

][
δ18Oriv− δ18Ofjord

]
,

(5)

where δ18Oice,δ
18Ofjord,δ

18Oriv are the isotopic composi-

tion of the ice, fjord water at 1.09 m depth and river water,

respectively. ε is the sea-ice fractionation coefficient ranging

between 1.5 and 2.7 ‰ (Eicken et al., 1998). Since δ18Ofjord

and δ18Oriv are constant over winter (November to April)

(Fitzner et al., 2014), we can determine the temporal changes

in surface water composition, namely the fraction of river

water friv and the salinity of the surface parent water mass

Sp. According to Eicken et al. (2005), Sp is given as

Sp = (1− friv) · Sfjord. (6)

The maximum friv deduced from the ice isotopic mass bal-

ance occurs when the sea ice reached a thickness of between

20 and 30 cm. The computed salinity shows that at this time

Sp had to drop by a factor of 1.7 and could not exceed 18.

This shift probably induced the drop in bulk ice salinity in

the horizon at 25 cm below the surface.

5.1.3 Gas content and freshwater input

The total gas content was always lower than the

23.75 mL STP kg−1 value expected in IFSW (Cox and

Weeks, 1983). This is in agreement with previous reports

that gases in seawater are preferentially expelled from the

www.biogeosciences.net/11/6525/2014/ Biogeosciences, 11, 6525–6538, 2014
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Figure 5. In the upper part of the figure: high-resolution pCO2 profiles for each station. The long dashed lines show standard gas concentra-

tion used for equilibration (STP, 550 ppmv). The hatched areas show the impermeable layer within the ice cover. Ice layers are assumed to

be permeable when their brine volume fraction exceeds 5 % (Golden et al., 1998). The lower part of the graph shows the pCO2 of the fjord

water. In each graph, the short dotted line shows the atmospheric CO2 concentration.

growing ice, as with other impurities (Cox and Weeks, 1983,

1988; Killawee et al., 1998; Loose et al., 2009, 2011; Tison

et al. 2002). The range of total gas content values for all the

samples was 4 to 21 mL STP kg−1, which is comparable to

the range obtained by Matsuo and Miyake (1966) for nat-

ural sea ice (2.2 to 21.2 mL STP kg−1) and the range of 3

to 18 mL STP kg−1 obtained by Tison et al. (2002) for arti-

ficial sea ice. In this study there was a peak of gas content

between 25 and 35 cm associated with the lowest salinities.

As demonstrated above, the change of salinity was caused by

a change in the parent water due to an input of freshwater.

By computing friv and Sp during the ice growing period, we

can further assess the freezing temperature of the parent ice

water following the equation of UNESCO (1978). Based on

the salinities and temperatures of the surface waters, we can

compute the gas content of the surface parent water at each

stage of ice growth using the solubility law given by Garcia

and Gordon (1992) for O2, and Hamme and Emerson (2004)

for N2 and Ar. When the ice reached a thickness of 25 cm,

the salinity of the parent water decreased by a factor of 1.7,

increasing the gas solubility by a factor 1.05, although the

sea-ice gas content had been increased by a factor of 2.1.

The increasing gas content in the parent water, dictated by

the increasing solubility, could not explain the gas peak in

the middle horizons of the ice. Tison et al. (2002) showed

that the initial gas content of sea ice is affected by a current

at the ice–water interface that was 3 times higher than the gas

content of sea ice grown with a stagnant water–ice interface.

According to Tison et al. (2002), the current zone is charac-

terized by a thinner boundary layer in which both salts and

gases are controlled by diffusion. Due to this thin boundary

layer, the current zone reaches the critical value necessary for

early bubble nucleation. Once started, bubble nucleation en-

sures that that the gasses that would otherwise have diffused

as a solute towards the water will be entrapped as bubbles in

the sea ice. Moreover, the total gas content depends on ice

growth velocity; while ice from freshwater grows faster than

ice from salty water, more gases were trapped in the sea-ice

cover. Thus, we propose that the peak in sea-ice gas content

is a result of the increasing gas content in the parent water

and the presence of a current under the sea-ice–ocean inter-

face, both caused by a flux of fresh water.

5.2 Greenhouse gases in sea ice

5.2.1 Methane

The methane concentration was measured in the water col-

umn [CH4]sw, in the ice cover [CH4]bulk ice and in the

brine medium [CH4]br. First, we compare [CH4]sw and

[CH4]bulk ice with the methane concentration at saturation,

[CH4]sat sw and [CH4]sat bulk ice. The concentration at satura-

tion is the concentration of methane dissolved in a liquid (i.e.,

brine or seawater) in equilibrium with the atmospheric partial

pressure of methane. The saturation is determined by the sol-

ubility, which depends on the temperature and salinity. CH4

saturation with respect to the atmosphere at the sea surface

was calculated assuming a 2010 atmospheric mixing ratio of
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Figure 6. Relationship between the bulk ice δ18O content and bulk

ice salinity (Si) from 20 to 30 cm below the ice surface.

1.9 ppmv, using the CH4 solubility equation of Wiesenburg

and Guinasso (1979) corrected for the in situ temperature and

salinity. We assumed that the relationships from the reference

are valid for the range of temperature and salinity found in

the ice. The bulk ice saturation [CH4]sat bulk ice was obtained

by multiplying the calculated solubility in brine (nmol L−1

brine) by the relative brine volume (L brine L−1 bulk ice).

The ratio of the observed [CH4]bulk ice to the [CH4]sat bulk ice

determines the supersaturation factor.

According to Weisenburg and Guinasso (1979), the

methane concentration in equilibrium with the atmospheric

pressure for seawater salinities > 33.9 and at −1.9 ◦C is

3 to 4 nmol L−1. Thus, the dissolved methane in the sur-

face water was 4.5 times the concentration at saturation

(i.e., 450 % supersaturated). Such high concentrations, up

to 15 nmol L−1, suggest that the top layer of water column

was somehow affected by nearby sources (i.e., sediment

degassing, riverine input). These measurements are similar

to the values (5–55 nmol L−1 water) reported by Damm et

al. (2007) in Storfjorden (Svalbard archipelago) and in the

fjords of Spitsbergen (Damm et al., 2005). The observed

concentrations are, however, lower than the concentration in

the East Siberian Arctic Shelf (ESAS) measured by Shakova

et al. (2010). Due to the thawing sub-sea permafrost, CH4-

rich bubbles released from the sea floor rise up through the

water column. As far as we are aware, no sub-sea thawing

permafrost has been reported for Godthåbsfjord. Damm et

al. (2008) suggested that methane plumes in the water origi-

nate from sediments during winter and from in situ produc-

tion during phytoplankton blooms during the summer. As our

studies took place before the algal bloom, one of the main

methane sources should be the sediment. The methane re-

leased from sediments rises through the water column by

convective processes and accumulates under the ice. How-

ever, we have to consider the Kapisillit river that runs through

a fen (Jensen and Racsh, 2011) as potential source of dis-

solved methane at the surface of the water column. The fen in

the fjord area is a source of CH4 due to the permanently wet

conditions that promote anaerobic decomposition, by which

CH4 is an end product (Jensen and Racsh, 2011). Like CH4

maxima in the overlying sea ice also coincide with salinity

minima, the Kapisillit river is most likely the major source of

CH4 into the fjord system.

The range of CH4 concentrations in the bulk ice

(1.8–12.1 nmol L−1 ice) is in agreement with measure-

ments (15 to 25 nmol L−1 ice) reported by Lorenson and

Kvenolden (1993) and Zhou et al. (2014). The deduced mix-

ing ratio ranged between 3 and 28 ppmv indicating that the

methane concentration within the sea ice was consistently

higher than that in the atmosphere (1.9 ppmv). The sea-ice

CH4 concentrations exceeded atmospheric saturation with

saturation state ranging from 1200 to 70 000 % and an aver-

age saturation level of 2400 %. Thus, sea ice could plausibly

act as a methane source to the atmosphere.

First, we compare [CH4]bulk ice with [Ar]bulk ice (bulk ice

Ar, O2, N2 were measured by gas chromatography and the

profiles are discussed in Crabeck et al. (2014)). As the dif-

fusion process controls the gas motion within the sea ice

Crabeck et al., (2014), Ar can be used as a tracer of phys-

ical processes. In marine biology, the O2 : Ar ratio is com-

monly used to remove the physical contribution to oxygen

supersaturation for determining the biological oxygen pro-

duction. Our CH4 samples were randomly distributed re-

lated to the Ar (R2
≤ 0.21, p < 0.01; Fig. 7.). The CH4 : Ar

ratio was systematically higher than the atmospheric and

seawater ratios. Hence, CH4 was preferentially accumulated

within the sea-ice cover relative to Ar. This could be re-

lated to in situ biological production, since methane is pro-

duced by methanogen bacteria in anoxic conditions. DNA

(deoxyribonucleic acid) from methanogen archaea as well

as anaerobic pathways have been observed in Arctic sea ice

(Collins et al., 2010; Rysgaard and Glud, 2004). However,

high-resolution O2 measurements in the Kapisillit sea ice

showed there were no anoxic conditions during the sampling

period (Crabeck et al., 2014). Denitrification, which is an

anaerobic process producing more energy per organic car-

bon unit than methanogenesis, was not active within the sea

ice due to presence of oxygen. In addition, the Ar : N2 ra-

tio showed no significant deviations from the seawater ratio

(Fig. 7). Therefore we conclude that the methane accumu-

lation was not related to biological in situ production. We

suggest that the accumulation of methane was due to (1) the

initial CH4 concentration in the seawater and (2) the bub-

ble formation that can act as a methane trap. Assuming a

steady rate of incorporation for each gas, the accumulation

and supersaturation (up to 450 %) of CH4 in the surface wa-

ter leads to a larger incorporation of CH4 in the ice, and

consequently greater CH4 accumulation relative to Ar. The

bulk ice methane concentration ([CH4]bulk ice) represents the

total methane content within the sea ice as the sum of the

dissolved methane in the brine medium ([CH4]br) and the

methane trapped in bubbles ([CH4]bubbles). We can deduce

www.biogeosciences.net/11/6525/2014/ Biogeosciences, 11, 6525–6538, 2014
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Figure 7. Relationship between N2, O2, CH4 and Ar concentrations within the sea-ice cover. The solid line is the regression line. The slope

of the dashed equals to the seawater ratio (N2 : Ar, O2 : Ar, CH4 : Ar), while the slope of dot-dashed line equals to the atmospheric ratio

(N2 : Ar, O2 : Ar, CH4 : Ar).

the fraction of the methane trapped in bubbles f[CH4]bubbles
,

using the following relationships:

[CH4]bulk ice = [CH4]bubbles+ [CH4]br, (7)

f[CH4]bubbles
=

(
([CH4]bulk ice− [CH4]br)

[CH4]bulk ice

)
· 100. (8)

Based on these relationships, the trapped methane bubbles

contributed up to 70 % of the sea-ice methane content. Ac-

cording to our estimates, methane bubbles were preferen-

tially accumulated in the upper layers of the sea ice. We

pinpoint two sources of methane bubbles; (1) the methane

bubbles trapped during the freezing process and (2) the in

situ formation of methane bubbles within the brine medium.

During seawater freezing, dissolved solutes (ions and gases)

are segregated from the ice matrix (Cox and Weeks, 1983;

Killawee et al., 1998; Untersteiner, 1968) and become con-

centrated in the liquid near the freezing interface. As the par-

tial pressures of gases increase beneath growing ice, bubbles

nucleate and are included along ice crystal boundaries (Bari

and Hallett, 1974; Cox and Weeks, 1983; Killawee et al.,

1998; Tison et al., 2002). Taking into account that the sur-

face water was initially supersaturated with CH4, the value

to trigger the nucleation process will be reached earlier than

for the other gases. Thus, the growing ice was enriched in

methane by bubble formation that would otherwise have dif-

fused as a solute towards the water reservoir (Tison et al.,

2002).

As the sea-ice temperature decreases, the brine becomes

further concentrated and supersaturated, and gases can nu-

cleate from the solution (Killawee et al., 1998; Tison et al.,

2002). As CH4 has the lowest solubility (Weisemburg and

Guinasso, 1979), bubble formation had to be triggered. Once

formed, the bubbles can only migrate upward due to their

buoyancy until they are blocked under the impermeable layer

or released into the atmosphere. In contrast, the dissolved

component in the brines can diffuse to the underlying sea-

water. Hence, bubble formation leads to an accumulation of

CH4 inside the ice cover. The upward migration of the bub-

bles could partially explain the preferential bubble accumu-

lation in the top 20 cm of the ice column, a process recently

discussed for the Ar in Zhou et al. (2013) and modeled by

Moreau et al. (2014).

5.2.2 pCO2

The pCO2 of the water column was slightly undersaturated

(354–384 ppmv) compared to the atmosphere (390 ppmv),

whereas at the ice–water interface the pCO2 was largely un-

dersaturated (77–130 ppmv). As noted above, the thin surface

layer was under the influence of mixing processes, which

could have produced a reduction of the water pCO2 at the

ice–water interface. Moreover, the annual monitoring mea-

surements provided by the Nuuk Ecological Research Op-

erations observed year-round pCO2 undersaturated surface

water in the Godthåbsfjord system (Rysgaard et al., 2012).

The range of 77–330 ppmv and average of 194 ppmv for

the bulk ice pCO2 is in the same range as the profiles of bulk

sea-ice pCO2 measured on natural and experimental sea ice

(Geilfus et al., 2012a). According to Geilfus et al., (2012a, b)

and Delille et al. (2007) the bulk ice pCO2 is undersaturated

once ice temperature is above −4 ◦C. One of the main fac-

tors controlling the inorganic carbon dynamics within sea ice

appears to be temperature. As temperature increases, the sub-

sequent decrease of the salinity promotes the brine dilution

and a decrease of the brine pCO2. According to our data, the

bulk ice pCO2 was inversely correlated to the ice tempera-

ture. Indeed, the high values of bulk ice pCO2 (up 330 ppmv)

were associated with the coldest temperature (−3 to −4 ◦C),

and as the temperature increased with the ice thickness, the

bulk ice pCO2 decreased to ≈ 100 −190 ppmv and reached

the same range of pCO2 concentration as the underlying sea-

water, ≈ 76–130 ppmv.

Other processes affect the pCO2 concentrations within

sea ice such as the precipitation and dissolution of calcium

carbonate (Dieckmann et al., 2008; Geilfus et al., 2012b,

2013a,b; Papadimitriou et al. 2007, 2012; Rysgaard et al.,

2007, 2011, 2013). During the sea-ice melt, the carbonate
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dissolution promotes lower pCO2 conditions (Rysgaard et

al., 2011). Søgaard et al. (2013) suggested that the main fac-

tor controlling the total alkalinity and the dissolved inorganic

carbon of the sea ice of Kapisillit was the dissolution of cal-

cium carbonate crystals. Hence, dissolution of calcium car-

bonates, associated with the high temperature and the subse-

quent decrease of salinity was likely the reason for the ob-

served low bulk ice pCO2 during our study also.

Finally, primary production as well bacterial respiration

can affect the inorganic carbon dynamics within sea ice

(Delille et al., 2007; Kaartokalio et al., 2013; Papadimitriou

et al. 2012; Rysgaard et al., 2007, 2009; Søgaard et al., 2013).

Ice melting through spring and summer will produce both a

continuous reduction of the bulk ice pCO2 and an increase of

the ice permeable features leading to pCO2 sub-saturated sea

ice relative to the atmosphere and hereby enhance the air–sea

flux of CO2.

6 Conclusions

The freshwater runoff from the surrounding land influenced

the sea ice during formation, and was evident as a thin

freshwater layer at the sea-ice–water column interface. This

caused deviation from the traditional C-shaped ice salinity

profile and depletion in heavy isotopes of the sea-ice cover.

Moreover, the low bulk ice salinity induced a stratified brine

network, which prevented the convective exchange between

the ice, the water and the atmosphere. The freshwater, also

potentially triggered by higher temperatures and/or storms,

caused increased buoyancy and current velocities at the sea-

ice–water interface, which may have accelerated the nucle-

ation processes in the boundary layer and consequently in-

creased the total gas content of the ice.

The partial pressure of CH4 exceeded the atmospheric

CH4 content and sea ice could potentially be a source of CH4

for the atmosphere. During periods of sea-ice cover, CH4 can

accumulate within or below the sea ice, and when the ice

breaks up and melts during spring and summer, large CH4

fluxes to the atmosphere could be expected. During sea-ice

breakup, Gosink and Kelley (1979) and Shakova et al. (2010)

observed an increase CH4 concentration in the atmosphere

above sea ice as well as in surface seawater.

While the CH4 from the seawater is accumulated within

the sea-ice cover, the sea ice provides an interface in which

the methane could be stored and transformed over time by

biogeochemical processes. Further studies based on longer

times series and carbon isotope signatures δ13 CH4 will pro-

vide us the opportunity to study the potential methane ox-

idation rate within the sea-ice cover, i.e., the sea ice could

provide a layer at the ocean surface where CH4 is degraded

and, hence, acts as sink for oceanic CH4.

We measured an average pCO2 value of 194 ppmv in bulk

sea ice, and so the upper layer of the sea-ice cover was greatly

sub-saturated compared to the atmosphere. It would be ex-

pected that the resulting air-to-sea flux of CO2 would in-

crease when sea ice starts to melt. This study adds to the

few existing studies of CH4 and CO2 in sea ice and we con-

clude that subarctic seawater could possibly be a significant

sink for atmospheric CO2, while at the same time being a net

source of CH4.
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