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Abstract. We report on methane (Chl dynamics in land-  radiative forcing of well-mixed greenhouse gases (Myhre et
fast sea ice, brine and under-ice seawater at Barrow in 200%l., 2013).
The CH,; concentrations in under-ice water ranged from 25.9  Global ocean emission of GHs estimated at 19 Tg per
to 116.4nmol g}, indicating a supersaturation of 700 to year (Kirschke et al., 2013), which is about 3 % of the global
3100 % relative to the atmosphere. In comparison, the CH tropospheric Cl input. Of that marine contribution, 75 %
concentrations in sea ice ranged from 3.4 to 17.2 nrﬁél L is from coastal regions (Bange et al., 1994). Cidipersat-
and the deduced CHconcentrations in brine from 13.2 to uration relative to the atmosphere in estuaries (Borges and
677.7 nmol Lgrilne. We investigated the processes underlying Abril, 2011; Upstill-Goddard et al., 2000) and coastal shelves
the difference in Clj concentrations between sea ice, brine (Kvenvolden et al., 1993; Sawvichev et al., 2004; Shakhova
and under-ice water and suggest that biological controls oret al., 2005, 2010) is indeed larger than that in the open ocean
the storage of Chlin ice were minor in comparison to the (Bates etal., 1996; Damm et al., 2007, 2008, 2010).
physical controls. Two physical processes regulated the stor- Methanogenesis in submarine sediments is thought to
age of CH in our landfast ice samples: bubble formation be the main process causing g£hfflux in the Arctic
within the ice and sea ice permeability. Gas bubble formationshelf regions. Nonetheless, other sources could also be sig-
due to brine concentration and solubility decrease favouredificant: CH; seepage from coastal ice-complex deposits
the accumulation of CHin the ice at the beginning of ice (Romanovskii et al., 2000) and from deeper seabeds (Judd,
growth. CH;, retention in sea ice was then twice as efficient 2004), and CH dissociation in the shallow hydrates (Reagan
as that of salt; this also explains the overall highey@bBn-  and Moridis, 2008; Westbrook et al., 2009). Recently, aero-
centrations in brine than in the under-ice water. As sea icédic CHs production in the water column related to dimethyl-
thickened, gas bubble formation became less efficien; CH sulfoniopropionate (DMSP) degradation was reported for the
was then mainly trapped in the dissolved state. The increaseentral Arctic (Damm et al., 2010), tropical upwelling ar-
of sea ice permeability during ice melt marked the end ofeas (Florez-Leiva et al., 2013) and tropical oligotrophic ar-
CHjy storage. eas (Zindler et al., 2013). However, the significance of that
process over the Arctic shelf still needs to be assessed.
Ongoing global warming is likely to affect the various
) sources of CHl cited above, with positive feedback on the
1 Introduction climate. Indeed, a rise in sea temperature should increase
methanogenic activities, leading to a more efficient conver-

Me@har?e (EH) IS a Wﬁll-mp(ed gr(re]elnhousi gashlts cfo'ncen- sion of organic matter to CH(Zeikus and Winfrey, 1976).
tration in the atmosphere is much lower than that of Its ox-, addition, the induced seawater stratification is likely to

i/;jation pr?dUCt (C@)/(l.g/vs. 3?47 ppm respectiverl]ymttcp: change the nutrient ratio, which favours aerobicsGto-
www.esrl.noaa.gov/gmd/agyi/However, since the CH g, ion (Karl et al., 2008). Moreover, warmer seawater is

global warming potential .is 28 times higher than that of,CO likely to weaken the coastal ice complex (including subsea
over a 100-year frame, it accounts for 20 % of the global
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permafrost) (Lawrence et al., 2008) and to displace the gas [
hydrate stability zones (Reagan and Moridis, 2008), increas- 28,!
ing gas seepage. Significant gldscape has recently been
detected via acoustic surveys along the Spitsbergen continen
tal margin (Westbrook et al., 2009), suggesting that changes
in the CH, storage system are ongoing. Since Lihs a
high global warming potential, its release will enhance global
warming, which in turn will enhance methanogenic activities _ // ~
and gas seepages. This positive feedback has contributed toe | chukehi Sea 4l ® Eeon Lacoon ™ “
rapid and significant climate warming in the past (O’Connor ‘ /’? K s
etal., 2010), 4 P
Understanding the current Giudget is thus important in 16’ y ey ,d\ﬂ\
order to better simulate future climate scenarios. Many CH 4 J\
measurements have been carried out in sediments and sei 4 %
water throughout the coastal Arctic areas (Kvenvolden etal., 1 A b |
1993; Savvichev et al., 2004; Shakhova et al., 2005, 2010). ' / [
These observations have led to speculations about potentia =~ =
CHz accumulation (Shakhova et al., 2010) and/or oxidation
(Kitidis et al., 2010) under sea ice cover. Other studies furtherFigure 1. The study site (north of Barrow, Alaska, USA).
brought forward the role of sea ice in the exchange of,CH
between seawater and the atmosphere (He et al., 2013; Kort
etal., 2012). However, to the best of our knowledge, no studyobservatories/barrow_sealendte cores were extracted and
has yet discussed the physical controls on the storage #f CHkept in darkness in the laboratory at35°C to prevent
in sea ice and its exchange at the atmosphere—ice—ocean ibrine drainage and to limit biological activity. Temperature
terfaces. For instance, GHixing ratios up to 11000 ppmV  recorders indicated that the samples were always kept below
have been measured in sea ice bubbles (Shakhova et al,20°C during transport. All of the analyses were completed
2010), but the mechanisms leading to the incorporation ofwithin the following year. A complete physical framework
those gas bubbles within the ice have not been discussedf the present study is presented and discussed in Zhou et
Similarly, He et al. (2013) suggested gldonsumption in  al. (2013). We have selected six sampling events to illustrate
the ice, based on CHfluxes above sea ice. However, they the evolution of CH concentrations at our location: one in
did not discuss the impact of sea ice permeability or ice meltthe winter (BRW2; 3 February), four in early spring (BRW4,
on their results, although these parameters have been showBRW5, BRW6 and BRW?7; corresponding to 31 March, 3, 7
to affect other gas dynamics in sea ice (see, e.g., Loose eind 10 April respectively), and the final one in late spring
al. (2009) for Q and Sk, Geilfus et al. (2012) and Nomura (BRW10; 5 June). The first five sampling events occurred
et al. (2010) for C@, and Zhou et al. (2013) for Ar). There- during ice growth, the last one during ice decay.
fore, we felt it necessary to highlight the physical controls
on CH; dynamics in sea ice, from ice growth to ice melt. 2.2 CH, concentrations in seawater
We have done this by investigating the annual evolution of
CHg4 concentrations in sea ice, in parallel with sea ice phys-CH, concentrations in seawater were determined by gas
ical properties, and CHconcentrations in seawater. To the chromatography (GC) with flame ionization detection (SRI
best of our knowledge, we report here the first detailed time8610C GC-FID) (Skoog et al., 1997) after creating a 30 mL
series of CH concentrations in sea ice across seasons. headspace with Nin 70mL glass serum bottles, follow-
ing the procedure described by Abril and Iversen (2002).
After creating the M headspace, samples were vigorously

Beaufort Sea

157 °W 48’ 36 24 12 156‘ ow

2 Materials and methods shaken for 20 min and were placed in a thermostatic bath
overnight at—1.6°C. The following day, the samples were
2.1 Study site and physical framework shaken again for 20 min before starting the GC analysis.

CHgz:COy: N2 mixtures (Air Liquide, Belgium) of 1, 10
Sea ice and under-ice seawater samples were collected duand 30 ppm Chll were used as standards. The concentra-
ing a field survey in the Chukchi Sea near Barrow (Alaska)tions were then computed using the £kblubility coeffi-
(Fig. 1) from January through June 2009. The sampling wagient given by Yamamoto et al. (1976). The accuracy of the
performed on level first-year landfast sea ice, within a squareneasurements was within 1 %.
of 50m by 50m. The north-eastern corner of the square We calculated the solubility of CHin seawater that is
was located at 722.013N, 156°32.447 W. Seawater depth in equilibrium with the atmosphere, following Wiesenburg
at the location was about 6.5 rhttp://seaice.alaska.edu/gi/ and Guinasso (1979). The ratio between the measured CH
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concentration in seawater and the calculated solubility inof Wiesenburg and Guinasso (1979) is valid for the ranges of
equilibrated seawater determines the supersaturation factorbrine temperature and brine salinity. As for the conversion of
CHg concentrations in bulk ice into the deduced GQidncen-
2.3 CHj concentrations in bulk ice and brine trations in brine, we simply multiplied the solubility of GH
in brine by the brine volume fraction to get the solubility of
We used the wet extraction method to extractyGiém sea  CHg in bulk ice. Brine salinity and brine volume (used in the
ice, as described in Raynaud et al. (1982) for continental icecalculations) were derived from the relationship of Cox and
Briefly, 80 g of ice sample were put in a small container, Weeks (1983). The ratio between the observed Chcen-
using a 5cm vertical resolution. The ice sample was thertration in ice or brine to their respective calculated solubility
melted in the container under vacuum (2@orr), using a  determines the supersaturation factor.
“bain-marie”. It was then slowly refrozen from the bottom, In addition, we computed the standing stock of L He.
using an ethanol (96 %) bath that was cooled-&0°C by the total amount of Chiwithin the ice cover. To do so, we
the addition of liquid N. After refreezing, the whole gas con- integrated the concentrations of ghh bulk ice vertically to
tent (both dissolved and in the bubbles) was expelled intoobtain the CH content per square metre of ice.
the headspace of the container. The expelled gas was then For further comparison with the literature, we also com-
injected through a 22 mL packed column (Mole Sieve 5 A puted CH mixing ratios. They are usually obtained by di-
80/100; 5mx 1/8’) into a gas chromatograph (Trace GC) viding the number of moles of CHoy the total gas content.
equipped with a flame ionization detector for £heasure- However, since we did not measure the total gas content, we
ment. The reproducibility of the measurement, based on tripused the sum of measured atmospheric-dominant gases (O
licate analysis of five different standards, was 99.6 %. N2 and Ar; data not shown) instead.

The method described here above gives;@dncentra-
tions in bulk ice. Providing that there is no @lih the pure
ice matrix (Weeks, 2010) and, hence, that the entire amoung Results
of CH4 (dissolved or in gas bubbles) is found within the ice
pores (i.e. brine channels), Gldoncentration in bulk ice di-
vided by the brine volume fraction (Cox and Weeks, 1983)
gives the deduced Cftoncentration in brine.

Dissolved CH concentration in brine was also measured t© 17.2nmol lrce Mean CH, concentration increased from
for brine samples collected using the sackhole technique (e.BRW2 (6.4 nmol lrce) to BRW7 (7.8nmoll)) and de-
Gleitz et al., 1995; Papadimitriou et al., 2007). Sackholescreased to 5.5 nmol@e at BRW10. This evolution parallels
(partial core holes) were drilled at different depths, rang-that of the standing stocks of GHwhich increased from
ing from 20 to 130 cm. Brines, from adjacent brine channelsBRW2 (5070 to 5430 nmol f1¥) to BRW7 (9200 nmol m?),
and pockets, seeped into the sackholes and were collectatien decreased at BRW10 (7580 nmol#n(Fig. 2). For data
after 10 to 60min using a peristaltic pump (Cole Palmer,interpretation, sea ice thickness is also shown in Fig. 2. It ap-
Masterfle® — Environmental Sampler). Each sackhole re- pears that the mean Gldoncentration and the standing stock
mained covered with a plastic lid to minimize mixing with increased as sea ice thickened from BRW2 to BRW7, but de-
the free atmosphere. Brines were collected in 70 mL glassreased at BRW10 despite the fact that sea ice was thicker
serum bottles, filled to overflowing, poisoned with 100 uL there.
of saturated HgGland sealed with butyl stoppers and alu- The individual profiles of Cld concentrations in bulk ice
minium caps. The measured @ldoncentration in brine is  (Fig. 3a) for each sampling event further highlight the con-
an integrated value of the GHn brine from all the ice lay-  trasts between BRW10 and all the previous sampling events
ers above the sampling depth. Therefore, the vertical resofBRW2 to BRW?7): all the Cl4 concentration profiles in ice
lution is lower than that of the CHconcentrations in brine  from BRW2 to BRW?7 can be divided into three main zones.
that is deduced from the Gitoncentrations in bulk ice. Itis  The first one ranged from 0 to 25cm, where a peak of,CH
also noteworthy that the relative contribution of the various concentration was found at 15 to 25 cm. £tbncentration
depth levels is unknown and dependent on the brine volumeneasurements made on a twin ice core of BRW2 (duplicate)
changes with depth. However, it is of interest to compare theshow that spatial variability in the 15 to 25 cm layer could
measured CH concentrations in brine with those deduced reach 60%. The second zone was found in the ice interior
from the bulk ice values, as discussed later on. and ranged from 25cm to the upper limit of the permeable

For data interpretation, we calculated £Bolubility in layers (shaded area), where £tbncentrations were close to
brine and in ice (i.e. potential Gftoncentration dissolved in 5 nmol Li;é. The third zone corresponds to the permeable lay-
brine and in bulk ice respectively). The solubility of @kh ers where Cll concentration increased again toward the sea
brine was calculated using the same temperature and salinityee bottom, with values ranging from 5 to 10 nm@j_ At
dependent solubility of Wiesenburg and Guinasso (1979) aBRW10, as the whole ice cover became permeable (shaded
for seawater. This is possible providing that the relationshiparea at all depths), the whole profile flattened: the peak of

3.1 CHj concentrations in ice

CHg4 concentrations in bulk ice ranged from 3. 4nmggL
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3 677.7nmol ;.. These are thus much higher than the
=10 10000 160 e ; ; ;

© &« CHg standing stock range of CH concentrations measured in brine sackholes
£ ol E w00 || & lootickness . S0 (10.0 to 36.2 nmol l;rilne) (Fig. 3 —triangles) and in seawater
g ¢ : o 120§ (25.9 and 116.4 nmolLl).

= < e000{ " °e F100 § The evolution of CH concentrations in brine across sea-
',% 2 o8 ®l s *E, sons was rather similar to that of GHoncentrations in

g 4a{ 2 4000 Lo £ bulk ice, except in the bottom layers. Indeed, from BRW2
£ E, l w0 = to BRW7, high CH concentrations in brine were also ob-
:v 21 @ 20004 | 2 ] served at a depth of 15 to 20 cm; but from that level,sCH
© 5 concentration in brine decreased and reached the lowest val-
3 . Coma s oma  omes omos ues at the sea ice bottom, where it is similar to observed

Sampling dates CHj, values in seawater. There was thus no increase of CH
concentration in brine at the sea ice bottom as observed in
Figure 2.CHyg standing stock for selected samplings events (verti-the CH, concentrations in bulk ice. The profile of Gldon-
cal bars, from left to right, BRW2, BRW4, BRWS, BRW6, BRW7  centrations in brine flattened at BRW10, with values ranging
and BRW10) in parallel with mean GHconcentration in sea iceé  panyveen 13.2 and 87.0 nmo&&n which were less variable
. . . . e!
and sea ice thickness. and much closer to both the solubility values in brine and the
actual measured Cftoncentrations in brine than the ranges
) . _ of values in the previous sampling events (35.6 ””Ed”g
CHg4 concentration around 15 to 25 cm disappeared, the IC®nd 677.7 nmol Erilne)- The minimum CH concentration in

interior still has a baseline at 5 nmaff and the increase of pjh0 \vas calculated at 12.5 cm. Temperature data were miss-
CHg4 concentration at the bottom was less obvious than in the?ng at the very surface, so that we could not compute, CH

prewo_us sampling events_. . . concentrations in brine above 12.5cm.
Beside the strong vertical variation, gHoncentrations

in bulk ice were always higher than the solubility values in 3.3 CH, concentrations in seawater

surface seawater that would have been in equilibrium with

the atmosphere (3.8 nmoff) and the theoretical solubil- Measured Ch concentrations in seawater ranged from 25.9

ity in ice at all depths (Fig. 3a — white dots). @ldoncen-  to 116.4 nmol ls‘m} (Fig. 3c). This is 7 to 31 times higher than

trations in bulk ice were on average 1.8 times higher thanseawater in equilibrium with the atmosphere (3.8 nnol L

that in surface seawater and 75 times higher than the thefor a salinity of 35 at GC) (Wiesenburg and Guinasso,

oretical solubility in ice. The highest supersaturation factor1979).

reached 396 and was measured in BRW®6, at a depth of 20 to Measurements of Cftoncentrations in seawater were ho-

25cm. Again, BRW10 differed from all the other sampling mogenous in time from BRW2 to BRW7, with a mean value

events, with a lower supersaturation factor (mean supersatuand standard deviation of 42402.4 nmol L1 for BRW2 and

ration and standard deviation were-t# versus 86-68 for ~ 37.5+ 6 nmol L} for BRW4 to BRW7. They then increased

BRW?2 to BRW?7). at all depths at BRW10 and reached a mean value and stan-
The CH,; mixing ratio (not shown) was also calculated dard deviation of 77.4 27.8 nmol L5}

for BRW2, BRW4, BRW7 and BRW10. It ranged from 5.8

to 105.3 ppmV. The maximum mixing ratio was found in ) )

BRW4, at a depth of 15 to 20 cm:; this is 3.6 times higher 4 Discussion

than the mean mixing ratio of 29 ppmV.

To summarize, BRW10 differed from all the other sam- The present paper aims at understanding the physical con-

trols on the CH concentrations in sea ice. Discussing the

plings events by its lower mean GHoncentration and its . ; o
. . . physical controls only makes sense if the variations oy CH
flatter CH; concentration profiles. Although all the ice sam- . . . - .
concentration due to biological activity are negligible com-

ples were supersaturated relative to surface seawater, Iarger‘;j1 red 1o those due to phvsical processes. Therefore. we will
supersaturations were observed from BRW2 to BRW7 (Ies#i) bhy b ' '

. . rst assess the importance of biological activity on the vari-

permeable ice cores) compared to BRW10 (entirely perme- : . ; .
. ; ation of CH; concentrations in sea ice and brine (Sect. 4.1)
able ice core), especially at a depth of 15 to 25 cm where bo%efore discussing the physical controls (Sect. 4.2)
CHg4 concentrations and CHnmixing ratios were found to be 9 phy o

the highest. 4.1 Impact of biological activity on CH,4 concentrations

3.2 CHy concentrations in brine To assess the impact of biological activity on £ebncen-
trations, we recalculated the standing stocks of BRW4 to

Deduced CH concentrations in brine (using GHcon- BRW?7 (Fig. 3), by considering every 5cm ice sample in the

centrations in ice) ranged from 13.2 nmqﬁhe to 25 to 80 cm depth layers. These choices are motivated by the
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Figure 3. Evolution of CH; concentration in@) bulk ice, (b) brine and(c) seawater (black dots, squares and diamonds respectively),
compared to Clg solubility in ice, brine and seawater that is in equilibrium with the atmosphere (white dots, white squares and black straight
lines respectively). Grey dots and grey squares are measurements made on duplicate samples of BRW2. Grey t(l@ngtesGhi;
measurements in brine sackholes. The break incthges of(b) and(c) is set at 60 nmol L. Dashed areas are permeable layers (i.e. layers
with a brine volume fraction above 5 %).

following reasons: first, we suggest focusing on the stand-enough to exclude the possibility of random sampling vari-
ing stocks of the impermeable layers (i.e. layers that have ability.
brine volume fraction below 5% (Golden et al., 1998); lay- In addition, we plotted chlorophyllz concentrations
ers above the shaded areas on Fig. 3a, b). These layers amgainst CH concentrations in bulk ice and phosphate con-
considered as a closed system in terms of brine dynamicsentrations against GHconcentrations in bulk ice to inves-
and are therefore suitable for assessing biological transfortigate potential in situ production of GHn both permeable
mation of CH,. Second, we felt it appropriate to ignore the and impermeable ice layers (see Appendix A). The rationale
upper layer (0 to 25cm), since spatial variability could be is that previous studies have shown a strong correlation be-
important in these layers (up to 60 % the 15 to 25 cm depthtween these variables (Damm et al., 2008, 2010) wherg CH
layer) as shown in Fig. 3a — BRW2. Third, we only focused production was found to occur. As there is no obvious cor-
on the sampling events that were collected at short time intelation between the presented variables (see Appendix A),
tervals (three or four days), i.e. BRW4 to BRW?7 rather thanwe surmise that the pathway of @lgroduction that was ob-
BRW2 to BRW4 (56 days). This is mainly due to the similar served in Damm et al. (2008, 2010) may not have occurred
physical properties of the ice cores collected at short time in-in the present study.
tervals (i.e. in terms of ice core length, ice temperature and Furthermore, the turnover time for GHbxidation in the
ice salinity profiles). Arctic Ocean exceeds 1.5 years (Griffiths et al., 1982, and
Deduced CH standing stocks in the 5cm ice samples (in Valentine et al., 2001), which is much longer than the lifetime
the 25 to 80 cm ice layer, from BRW4 to BRW?7) varied be- of first-year landfast ice. If we assumed that the turnover time
tween 198 and 375 nmol ™, with a mean and standard de- is similar in landfast sea ice, then we would not expect to find
viation of 271+ 41 mol nT2. We performed an ANalysis Of major CH; oxidation in our ice samples.
VAriance (ANOVA) test on these standing stocks={ 44) Because Chiproduction is unlikely in sea ice and Gldx-
and differences between the samplings were not significanidation may be slow, we conclude that biological transforma-
tion of CHy is negligible in comparison with the amount of

www.the-cryosphere.net/8/1019/2014/ The Cryosphere, 8, 101929 2014



1024 J. Zhou et al.: Physical controls on the storage of methane in landfast sea ice

Sea ice growth Sea ice decay Shakhova et al., 2010). Assuming similar incorporation rates
Jan.  Feb. March April  May _ June in both studies, lower ClHsupersaturation in seawater leads
F to lower CH; incorporated into sea ice and hence a lower
CH,4 mixing ratio in sea ice.

Second, ebullition is a process associated with rapid bub-
ble ascension, limiting gas equilibration with the surround-
ing water mass (Keller and Stallard, 1994). Therefore, in
shallow locations, Chl bubbles released from the seafloor
could reach the seawater surface (Keller and Stallard, 1994;
McGinnis et al., 2006). We believe that ebullition could in-
crease CH at the sea-ice—water interface and lead to larger
CH, incorporation into sea ice than if the ebullition was
Figure 4. Schematic figure of Cllincorporation and release in sea absent. Ebullitions were clearly observed in the Siberian

ice. Sizes are intentionally disproportionate to highlight processesa‘rCtiC Shelf (_ShakhO\_/a et al., 2010) and, in thf"‘t _partiCl_J'
better. The area above the dotted line represents the impermeabl@l case, centimetre-sized bubbles were found within the ice

layers. The small filled and empty circles represeny@tgas bub- ~ (Shakhova et al., 2010). Since we did not find any litera-
bles and in dissolved state respectively. Upward grey arrows inture reporting ebullition processes at Barrow and since our
dicate the upward transport of gas bubbles due to their buoyancyice cores generally showed millimetre-sized bubbles (Zhou
while downward blue arrows indicate the removal of dissolved gaset al., 2013), we believe that ebullition processes were much
through brine drainage. Large black circles zoom in on particularjess important in our study than in Shakhova et al. (2010).
processes described in the text (Sect. 4.2): gas exchanges at the be-

ginning of ice growth, gas accumulation predominantly under theé&.Z.Z Mechanisms responsible for the evolution of the
impermeable layers and gas bubble escape during ice decay. Dar vertical profiles of CH4 concentrations in bulk ice
blue, light blue and cyan strokes in ice represent brine channels with and brine during ice growth

high, moderate or low salinity respectively.

Although the CH source was seawater, Gldoncentrations
CHj, that was physically incorporated in the impermeable icein bulk ice from BRW2 to BRW?7 did not show a C-shaped
layers; this is consistent with the findings derived from the profile, as would salinity for growing sea ice (Petrich and
standing stocks. Therefore, the discussion below will mainlyEicken, 2010). For instance, instead of a surface maximum
focus on the physical processes that regulate Giicentra-  for salt, we observed a subsurface maximum forsCHAs
tions in sea ice. discussed below, we propose three abiotic mechanisms to ex-

plain the salient features of the vertical profiles of tén-
4.2 Impact of physical processes on Cliconcentrations ~ centration in Barrow bulk ice: (1) gas escape during the ini-

tial ice growth phase in the surface layer, (2) predominant gas
4.2.1 Range of CH concentrations in sea ice and accumulation in the subsurface and (3) brine volume fraction

seawater, comparison with the literature effect for the bottom layer.
We assume that CH similarly to CQ, could escape from

Our CH; concentrations in sea ice (3.4-17.2 nm@b. the ice to the atmosphere at the beginning of the ice growth
were slightly lower than those of Lorenson and Kven- (Geilfus et al., 2013; Nomura et al., 2006) (Fig. 4). In addi-
volden (1995) (15 to 40 nmol%é). The deduced mixing ra- tion, once sea ice is consolidated, changes in temperature and
tios (5.8 to 105.3 ppmV) were, however, much lower than thein the volume of brine pockets are likely to fracture the ice,
11 000 ppmV of Shakhova et al. (2010). We attribute the ob-causing the expulsion of brines (Notz and Worster, 2009) and
served differences to (1) the Gldoncentrations in seawater air bubbles (Untersteiner, 1968) at the ice surface. These two
and (2) ebullition processes (i.e. the seepage of Qibbles  processes could explain the decrease of, Cbhcentrations
from the seafloor and their rising through the water column).in bulk ice right at the surface of sea ice (Fig. 3).

First, our CH, concentrations in seawater (25.9 and Predominant gas accumulation during ice growth has been
116.4 nmol I;;}) are consistent with those reported in north- described for argon (Ar) in Zhou et al. (2013): in addition
ern Alaska (10.7 to 111.8 nmog\ln}; Kvenvolden et al., to brine concentration, temperature and salinity changes in
1993) and shallow shelf areas with ¢lfelease from sedi- brine at sea ice formation lead to a sharp decrease of CH
ment and/or destabilized gas hydrate (2.1 to 154nrgpjL  solubility that favours bubble nucleation in sea ice. Once
Shakhova et al., 2005), but are much lower than the meaformed, the bubbles migrate upward due to their buoyancy.
surements reported by Shakhova et al. (2010) (1.8 toThey are trapped under the impermeable surface layer, lead-
2880 nmol l;}). The differences in Cl concentrations in  ing to gas accumulation (Fig. 4). Such a process is supported
seawater lead to contrasting @hupersaturations (700% by two characteristics: the presence of bubbles and the occur-
and 3100 % in the present study versus 100 % to 160 000 % imence of large supersaturation levels (compared to the rest of
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Figure 5. Comparison between the apparent fractionation of salinity in ice (the ratio between ice salinity and seawater salinity (32)) and
the apparent fractionation of GHthe ratio between Ciin ice and CH in seawater (44 nmolg;,%)). The seawater salinity and GHn

seawater that are chosen as references were the values obtained from BRW2. Dashed areas are permeable layers (i.e. layers with a bri
volume fraction above 5 %).

the ice core). The presence of bubbles was observed in thirelease from sediment is possible since ours@bBincentra-
sections by Zhou et al. (2013) and is also consistent with thdions in seawater are consistent with those found in areas
large difference between the deducedQH brine (which  where CH, release from sediment and/or gas hydrate desta-
includes both CH in bubbles and Chlithat is dissolved in  bilization likely occurs (see Sect. 4.2.1). However, this pro-
brine) (Fig. 3b, squares) and the actual measurements §f CHcess does not explain the slow decrease of Gthcentration

in brine (only CH, that is dissolved in brine) (Fig. 3, trian- in brine from a depth of 15 to 25cm to the sea ice bottom
gles). Moreover, the largest GHupersaturations relative to (Fig. 3b), and we may also wonder why the ebullition only
CHg, solubility in ice were always found at a depth of 15 occurred once during the whole sampling period.

to 25 cm, which corresponds to the ice depth where Zhou et The contribution of in situ bubble formation in the reten-
al. (2013) have observed bubble accumulation and Ar supertion of CHy in sea ice is assessed in Fig. 5. We calculated the
saturation up to 2900 %. Therefore, the mechanism of prefatio between Cllin ice and the Cllin seawater at BRW2
dominant gas accumulation suggested for Ar may be relevant44 nmol LS‘\,&) and the ratio between brine salinity and the
for CHy as well. Larger Clj supersaturation as compared to salinity of seawater at BRW2 (32) at each ice depth for all
Ar supersaturation is likely due to the difference in £&hd the sampling events. The GHn seawater and the salinity
Ar solubility; CHg4, which is less soluble than Ar, would be of seawater of BRW2 were chosen as references for the sake
more affected by temperature and salinity changes. It is als@f consistency with Zhou et al. (2013). Similar apparent frac-
noteworthy that this process of bubble formation in sea icetionation means that CHs retained (incorporated and trans-
led to large spatial variability as witnessed by the duplicateported) in sea ice in the same way to salt, while a difference
of BRW2, which showed up to 60 % of GHvariation at a  in the apparent fractionation means a difference in their re-
depth of 15 to 25cm. tention processes.

As the freezing front progresses, the temperature gradient Four main observations can be made with regard to Fig. 5.
in the permeable layer reduces; bubble nucleation due to soFirst, the apparent fractionation averaged 15% but never
ubility decrease is less efficient. As a consequence, &H  reached 100%. This is due to the rejection of impurities
cumulates less and GHtoncentration in brine decreases to- during sea ice formation (Weeks, 2010). Our study there-
wards the bottom. Such a decrease is however not observedre suggests that sea ice rejects about 85 % of its impurities,
for CH4 concentration in bulk ice. We attribute this to the but retains 15 % of them. This is in agreement with Petrich
brine volume fraction effect: a larger brine volume may con- and Eicken (2010), who suggested that sea ice brine allows
tain a larger amount of CHmolecules, which induces higher a retention of 10 to 40 % of seawater ions in the ice. Sec-
CH4 concentrations in bulk ice. The fact that ¢kh brine ond, the highest apparent fractionation of £dp to 39 %)

did not show an increase at the bottom of the ice supportsvas observed at a depth of 15 to 25 cm; in that layer, the re-
this suggestion. tention of CH, could be higher than that of salt by a factor

An alternative explanation for the predominant gas accu-of 2. This supports the previous suggestion about predomi-
mulation due to solubility changes would be that of a di- nant gas accumulation: the presence of gas bubbles allows
rect bubble incorporation after a sudden but intense releaskigher retention of Chl than salt. Third, the apparent frac-
of CH4 bubbles from the sediment to the ice bottom.CH tionation of CH, was lower than that of salt at the surface
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of all the sampling events, except at BRW10. That lower ap-hydrate destabilization (Kvenvolden et al., 1993; Lorenson
parent fractionation may be related to the large permeabilityand Kvenvolden, 1995; Shakhova et al., 2010).
of the ice during its formation and/or the formation of some We suggest that brine concentration and strong solubil-
cracks at the ice surface (during the cold period), which havéty decrease triggered gas bubble formation, which favoured
allowed gas to escape from sea ice to the atmosphere, as e€&H, accumulation in ice. As a result, GHetention in the
plained earlier in this section. The lower ¢Eoncentrations ice was twice as efficient as that of salt. However, as summa-
in bulk ice at these sampling events (Fig. 3a) tends to supportized in Fig. 4, gas exchange likely took place during initial
the conjecture of gas escape. Fourth, below the top layer ofce growth between sea ice and the atmosphere, and the for-
about 25 cm of ice, both CHand salt enrichment values are mation of cracks could also lead to a decrease of Gght at
similar, indicating that, in these ice layers, g£i#as mainly  the surface of the ice. Also, as sea ice thickened, temperature
incorporated in the dissolved state in the same way as salt. and brine salinity gradient were no longer sufficient to trig-
ger bubble nucleation, and Ghivas then trapped in the dis-
4.2.3 Sea ice permeability controls Cl concentrations ~ Solved state in the same was as salt. The subsequent evolution
in bulk ice and brine during sea ice decay of CH4 concentrations in sea ice layers mainly depended on
physical processes, as chlorophyland phosphate concen-
At BRW10, both CH concentrations in bulk ice and deduced trations did not support in situ G4roduction and as CH
CHy4 concentrations in brine decreased and became less var@xidation was likely insignificant. Abrupt changes in £H
able than the previous samplings (BRW2 to BRW?7). In ad-concentrations in sea ice occurred when sea ice became per-
dition, CHy standing stocks decreased by ca. 1600 nmdim meable; these were associated with the release of gas bubbles
from BRW7 to BRW10, and the deduced gebncentrations  to the atmosphere. Therefore, the main role of our landfast
in brine approached the measured concentrations. Thesgea ice in the exchange of GHtom seawater to the atmo-
measurements suggest that there is an enhanced gas trasghere was its control of the amount of £Hthat it is able
port through the ice and that gas bubbles have escaped frof@ store in its impermeable layers and the duration of such
sea ice to the atmosphere. Gas escape was possible givétprage.
that sea ice was permeable at all depths (Fig. 3a, b, shaded Although gas incorporation and sea ice permeability were
area). Concomitant Ar bubble escape was suggested in Zhoivo dominant factors driving Ciiconcentrations in sea ice
et al. (2013). However, in contrast to Ar that was then at satin our study site, the magnitude of these processes may be
uration, CH, was still supersaturated compared to the solu-different in other polar seas. Indeed, the contribution of the
bility in brine. This could be related to a slow exchange be-€bullition fluxes of CH from sediment to the concentration
tween the atmosphere, brine and the supersaturated seawaférCHa in bulk ice, the transport of CHthrough the ice
through diffusion. and the significance of physical and biological controls on
CHs; concentrations in brine at BRW10 (13.2 to CHj dynamics rely on the nature of the sediment, the water
87.0nmol L. ) were lower than the CiHconcentration at depth, the physical parameters of the ice and biological activ-
the ice/water interface (116.4 nmat}), but higher than the 1ty within the ice, Wh'Cr_‘ may vary depend'mg onthe !ocat!on.
theoretical CH solubility in surface seawater that is in equi- N the case of a higher mix of physical and biological
librium with the atmosphere (3.8 nmofft). Although the controls on CH concentrations in bulk ice, we Woul(_j rec-
CHa concentrations in brine right at the surface (0-12.5 cm)ommend measuring: (1) the carbon and hydrogen isotopes
could not be retrieved, we can hypothesize that the gradi®f CHa in sea ice, as isotopic fractionation is highly sen-
ent of CH, concentrations between the ice/seawater interfacéitive to biological processes; and (2) the same isotopes in
and the ice surface led to GHdiffusion from the ice/seawater the sources (e.g. organic matter). Indeed, previous studies
interface to the ice surface and therefore maintaineg €tH have suggested that the carbon isotopic values of biogenic
persaturation in ice after gas bubble escape. Since the sourdgs within anoxic sediments may be as negative-44.0 %o
of CH4 came from supersaturated seawaters@bhcentra- (Whiticar, 1999) in comparison to those resulting fromH

tions in brine were slightly higher at the sea ice bottom thanoXidation (-10 to —24 %.; Damm et al., 2008; Schubert et
at the top. al., 2011), but few of them have considered that the measured

isotopic values in the sediment or in seawater also depend on
the isotopic composition of the sources.

5 Conclusions and perspectives

We reported on the evolution of GHconcentrations in
landfast sea ice, brine and under-ice water from February
through June 2009 at Barrow (Alaska). Our £Ebncen-
trations in sea ice in seawater are consistent with records
from the area with Chl release from sediment and gas
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Appendix A: Relationships between chlorophylle and
CHg4 concentrations and between phosphate and CH
concentrations in sea ice
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Figure Al. Relationships betwee(?) chlorophylla (Chl @) and methane (ClJ concentrations, an(B) phosphate (ng) and CH,
concentrations in sea ice. Open and closed circles indicate respectively permeable and impermeable ice layers (i.e. a brine volume fractior

above or below 5%). Cht and P(ﬁ_ data are from Zhou et al. (2013); Chldata were available for all the sampling events that are
presented here, while I%O data were only available for BRW2, BRW7 and BRW10.
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