Biogeosciences, 11, 500582Q 2014
www.biogeosciences.net/11/5007/2014/
doi:10.5194/bg-11-5007-2014

© Author(s) 2014. CC Attribution 3.0 License.

Insights into oxygen transport and net community production in sea
ice from oxygen, nitrogen and argon concentrations

J. Zhoul2, B. Delille?, F. Brabant!, and J.-L. Tison'

L aboratoire de glaciologie, DSTE, Université Libre de Bruxelles, Brussels, Belgium
2Unité d’Océanographie chimique, MARE, Université de Liége, Liége, Belgium

Correspondence tal. Zhou (jiayzhou@ulb.ac.be)

Received: 20 December 2013 — Published in Biogeosciences Discuss.: 4 February 2014
Revised: 11 August 2014 — Accepted: 18 August 2014 — Published: 18 September 2014

Abstract. We present and compare the dynamics (i.e.,the sole source of fixed carbon for the higher trophic-level
changes in standing stocks, saturation levels and concentrgpecies in ice-covered oceans (Arrigo et al., 2010; Brierley
tions) of @, Ar and N, in landfast sea ice, collected in Bar- and Thomas, 2002; Michel et al., 1996).

row (Alaska), from February through June 2009. The com- However, the measurement of NCP in sea ice is chal-
parison suggests that the dynamic of i@ sea ice strongly lenging due to the composite structure of sea ice. A tra-
depends on physical processes (gas incorporation and subsditional standard technique is to measure the accumulation
quent transport). Since Ar andaMre only sensitive to the of algal biomass and its temporal change via the measure-
physical processes in the present study, we then discuss thaents of chlorophylk (chl a) or particulate organic carbon
use of @/Arand O/ N to correct for the physical contribu-  (POC). Another traditional standard technique is to measure
tion to O, supersaturations, and to determine the net commuthe maximum photosynthetic rate and photosynthetic effi-
nity production (NCP). We conclude thapQAr suits better  ciency in a laboratory, and then to deduce the changes of
than G /N>, due to the relative abundance op,N> and biomass based on the concentration of €rdnd the light

Ar, and the lower biases when gas bubble formation and gatensity from the field, assuming that the photosynthetic pa-
diffusion are maximized. We further estimate NCP in the im- rameters obtained in laboratory still hold for field measure-
permeable layers during ice growth, which ranged fre6 ments. Both standard techniques have one major limitation:
to 3.6 umol @ L~1d~1, and the concentrations oh@ue to  they require the extraction and the melting of sea ice, which
biological activity in the permeable layers during ice decay inevitably alters the growth environment of the microorgan-
(3.8 to 122 umol @L~1). We finally highlight the key issues isms (e.g., sudden change of brine salinity due to bulk ice
to solve for more accurate NCP estimates in the future. melting).

The more recent techniques for NCP measurement favor
in situ measurements with minimized disturbance on sea ice.
These include pulse amplitude modulated (PAM) fluorom-
1 Introduction etry (Glud et al., 2002), ®micro-electrodes (McMinn and

Ashworth, 1998), @ micro-optodes (Mock et al., 2002) and
Sea ice is a composite material with a matrix of pure ice andce_water interface Peddy correlation (Long et al., 2012).
inclusions of brine (Weeks, 2010). The latter concentrates\onetheless, the results still depend on the composite struc-
most of the impurities of the ice, including dissolved com- tyre and the physical properties of sea ice(i.e., permeability
pounds, gas bubbles, and micro-organisms that are able tgnd prine dynamics). For instance, the PAM fluorescence de-
survive at high salinities and low temperatures (Thomas angends on the spatial distribution of the algal biomass and the
Dieckmann, 2002). The net community production (NCP), gptical properties of the ice (Glud et al., 2002). Another ex-
i.e., the net carbon fixation due to photosynthesis and resample is that the amount of;@neasured using microsensors

surement in polar ecological studies, because it is generally
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bubbles or bacterial films (Mock et al., 2002) and whether
the ice permeability allows the diffusion of2Qo the mi-
crosensors (Glud et al., 2002). Although the ice—watgr O
eddy correlation seems promising, because of its large foot
print in comparison to the other techniques, it may be sensi:
tive to the additional input of ®@from sea ice due to brine
convection and ice melt (Long et al., 2012). In that context,
understanding the dynamics of @ithin the ice will better A
constrain the @ fluxes at the ice—water interface, obtained ,/, (1 s
from eddy correlation. A y

The present study first aims to describe the dynamicgof O 4 * %\M\
in sea ice, based on a time series @f@@ncentrations within 16 / Barrow Hf\;\ Py
sea ice from ice growth to ice decay. The @easurements y - \
were obtained from ice crushing, which allows the measure- / oo
ment of both dissolved and gaseous(©e., & in brine and . \}

o

Beaufort Sea

gas bubbles), in both permeable and impermeable seaice la'
ers (i.e., ice layer with brine volume fraction above and below |_
5 % respectively; Golden et al., 1998). Since current studies 157°W 8 3¢ 24' 12 156 °W
have mainly focused on the dissolved @ the permeable Figure 1. The study site, north of Barrow (Alaska, USA).
ice layers (Glud et al., 2002; Mock et al., 2002), our study
undeniably extends the current knowledge gnd@namic.

Second, as it is well known that gas diffusion and brine | the present paper, five sampling events (out of 10) were
cuss the possibility of correcting the imprints of these physi-_ 3 Fepruary), two in early spring (BRW4, BRW7 — cor-
cal processes onQusing nitrogen (i) and argon (Ar) and  responding to 31 March and 10 April respectively), one in

seawater from the measurements of ratio (Cassar et al., 20093RrwW10 — 5 June). The first four sampling events occurred

Castro-Morales et al., 2013; Hendricks et al., 2004; Reuer efjyring ice growth, the last one during ice decay. As dis-

al., 2007), while others have proven thai /M2 was sensi-  cyssed in Zhou et al. (2013), full-depth convection occurred
tive to the biological activity in basal continental ice (e.g., jn BRWS, leading to the drainage of the dissolved com-

Souchez et al., 2006). These approaches consider Ar and Nyoynds in brine, and a partial replenishment by seawater.
as inert to biogeochemical processes (hence, not affected byhis contrasted with the sampling events prior to BRWS,

NCP), where the use of DAr and G/ N2 ratios allows for  \yhere convection only occurred in the permeable bottom ice
the correction of physical processes (e.g., temperature, salingyers. Finally, in BRW10, the increase of air temperature
ity or pressure changes and bubble effects). led to ice melt, full permeability, brine stratification, and the

formation of 20 cm of superimposed ice at the surface of the
ice. The formation of superimposed ice indicates that seep-
ing snow meltwater had frozen on contact with sea ice (Haas

2.1 Sampling area and sampling events etal., 2001).

2 Materials and methods

The ice cores were collected on landfast sea ice, off the coa®t-2  Chlorophyll a and phaeopigment
of Barrow (Fig. 1), from January through June 2009. The

sampling area covered a surface of 5&r60 m. The north-
eastern corner of the square was located 42ZD13N,
156°32.447W. The ice cores were extracted by drilling an
then stored at-30°C in the dark, to prevent brine drainage

The ice samples were melted in the dark, in 0.2um fil-

tered seawater (1:4 volume ratio) to avoid osmotic stress.
d We used 10 and 0.8 um polycarbonate filters in a sequence
in order to distinguish larger micro-algae species from the
and to limit biological activity. All of the analyses were com- smaller ones. Extractions and calculations were made follow-

pleted within the following year. The physical framework has N9 the procedure of Arar and Collins (1997). The standing
been presented and discussed in Zhou et al. (2013). In brieftoCks of chlorophyll (chl a) were calculated by integrat-
all of the ice cores had similar crystallographic structure,ind the chla concentrations over the whole ice length and

with a dominance of columnar ice that suggests low spatial@€ been discussed in Zhou et al. (2013). The percentage
variability. of phaeopigment was obtained by dividing the concentration

of phaeopigment by the sum of both ahland phaeopig-
ment concentrations. As phaeopigments result fromachl
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degradation, a high percentage of phaeopigments indicates
strong grazing pressure, and/or high algal mortality.

1200

1000 ~

y=72.9x-36.6

2.3 Oy, Ar and N5 concentrations in ice and their
respective solubility

800 ~

600 -

We used the dry-crushing technique developed for gas mea-
surements in continental ice (Raynaud et al., 1982) to ex-
tract @, Ar and N\ from the ice samples. This technique
extracts the gas bubbles in the ice and the gas in the dis-
solved state within liquid brine. Each ice core was cut every
5cm, and about 60 g of sample was introduced into a vessel,
with seven stainless steel balls. The ice was crushed in the

Ny (umol LT

400 -

200 +

0

vessel, under a vacuum (1®torr), as described in Stefels
et al. (2012) at-25°C. Subsequently, the vessel was kept at

Ar (umol L)

Figure 2. Concentrations of Min ice plotted against the concen-

—50°C in a cold ethanol bath, and was connected to the gagrations of Arin ice. The equation and are calculated assuming a

chromatograph equipped with a thermal conductivity detec-

linear regression between both gas concentrations.

tor for concentration analyses (Skoog et al., 1997). We used

Alphagaz”2 — He (Air Liquide — P0252) as carrier gas and a
22 ml packed column (Mole Sieve 5A 80/100; 51/8in.).
The reproducibility of the analyses (i.e., the precision of the
gas chromatograph) was 99.3 % fo,®7.8 % for Ar and
99.9 % for Nb. It corresponds to 100 % minus the variation
coefficient (in %) obtained from triplicate analysis of four
different standards (2, 3, 5, 10 torr of injection pressures). In
addition, diel Q production/respiration may account for 3 to
6 % of variations in our @concentrations, as all the ice cores
were not sampled at the same time of the day; more detalil
on the error estimates are given in the Supplement S1.

To compute the saturation levels (i.e., the deviation from
saturation) of @, Ar and N, in ice and for further calcula-
tions (Sects. 2.4 and 2.5), we also determined the theoretic
solubility of each gas in ice at saturation. The solubility in the
brine was calculated using temperature and salinity, follow-
ing the relationship of Garcia and Gordon (1992) forand
the relationship of Hamme and Emerson (2004) feraxd
Ar. This value weighted by the brine volume fraction consti-
tutes the solubility in ice. Weighting is necessary, as most o
the impurities (including gases) are concentrated within th
brine structure, but not in the pure ice matrix (Weeks, 2010).
It is noteworthy that the relationship of Hamme and Emer-
son (2004) was established for temperatures between 0 a
30°C and salinities between 0 and 34.5, and the relationshi

) e
of Garcia and Gordon (1992) for temperatures between 0 an%”

40°C and salinities between 0 and 42. We thus assumed i
our calculations of gas solubility that those relationships still
hold for the range of temperature and salinity found in our
brine samples.

Gas saturation levels are described following Craig and
Hayward (1987) for seawater as follows:

Ci
ACi = ——

1, 1)

www.biogeosciences.net/11/5007/2014/

n

where(; is the measured concentration of the gas bulk

ice andCeq the solubility of gas in bulk ice at equilibrium

with the atmosphere, calculated at in situ temperature, salin-
ity and pressure as described above. Note that for compari-
son with the literature, gas saturations are given in percentage
in the text. Supersaturation and undersaturation are therefore
represented by positive and negative percentage values re-
spectively.

34 Oy/Arand O,/N

The use of @/Ar and G /N3 is only valid if both Ar and
N> are inert. Ar is a noble gas, i.e., inert and not affected
y any biogeochemical processes. il affected by denitri-
fication, which was found to occur in sea ice (Rysgaard et
al., 2008), but whose impact orpMoncentrations should be
negligible in the present study. The maximum reported den-
itrification rate (23nmolNL~1d~1) was 4 orders of mag-
itude lower than the average bulk ice Moncentrations
248 umol N L1 presented here. The correlation between

(

N, and Ar with ar? of 0.98 (Fig. 2) further supports that

N> can be treated as inert like Ar, and used to trace physical
ocesses.

O,/ Ar and G /N> ratios were calculated from the con-

ntrations of @, Arand N, in ice, and were compared with

eir respective ratios in seawater and the atmosphere. The

Delative solubility of @/Ar in seawater (at 8C, with 32

of salinity) is 20.48 (Garcia and Gordon, 1992; Hamme and
Emerson, 2004). However, even in abiotic conditions, the gas
ratios in sea ice after gas incorporation and before sea ice
consolidation (i.e., being impermeable) may differ from that
in seawater due to diffusion process at the ice/seawater inter-
face (Killawee et al., 1998; Tison et al., 2002). We thus ap-
plied the relative diffusion coefficient of £and Ar (1.2/0.8

= 1.5) (Broecker and Peng, 1982) to our relative solubility of
O,/ Ar to obtain a value of @/ Ar with maximized diffusion

Biogeosciences, 11, H02?08-2014
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Table 1. Diffusion coefficients of @, Ar and N, found in the literature for different medium (water, seawater and sea ice) for temperature at
or below °C. Salinity is given when available. The diffusion coefficients in use in the present study are those of Broecker and Peng (1982)
(in bold).

Medium Temperature  Salinity D Ar N>
°C 105cm?s 1t 10 °%cm?s ! 10 %cmls?t

Broecker and Peng (1974) Water 0 ? 1.17 0.88 0.95
Broecker and Peng (1982) Seawater 0 ? 1.2 0.8 1.1
Ferrell and Himmelblau (1967),

S t 0 35 1.18 — 0.94
Jahne et al. (198%) cawater
Loose et al. (2010) Ice —12to—4 3.78-6.58 3.9 - -
Crabeck et al. (2013) Ice —-3.8t0-0.8 3.2 1.6-1.8 1.6-1.8 25

1 computed solubility using the matlab code availabléhtip:/web.uvic.ca/~rhamme/download.html
2 The values are gas diffusivities which should take into account the geometry of the brine structure.

processes at the bottom of sea ice (13.65) as described below.
Note that different diffusion coefficients exist in the literature
(Table 1) for temperature close t60 or below, for seawa-  [Oz]bio = [O2]eqA (O2/Ar). ()
ter, water or ice; we chose to use the diffusion coefficients
of Broecker and Peng (1982) because it is the most recerftOr seawater, [€leq and [Areq are respectively the solubil-
peer-reviewed study that provides diffusion coefficients fority of Oz and Ar at saturation. In ice, however, {{3; and
0y, Ar and N> near the freezing temperature. Salinity is not [A]eqmay differ from these solubilities due to physical pro-
given in Broecker and Peng (1982), but one may expect £€SSes such as bubble nucleation, diffusion and convection
maximum decrease of 4.9 % of the diffusion coefficient per(see Sects. 2.4 and 4.6).
35.5 of salinity increase (Jahne et al., 1987). Multiplying the [O;]hioc oObtained in Eq. (3) (in

The initial values of @/Ar could range between 13.65 MolOzL~1) by the ice thickness of the samples (gen-
and 20.48, based on the magnitude of gas diffusion at th&rally 5cm) gives a production of On mol m=2. With an
ice/seawater interface. Further, as/@r in the atmosphere  O2/C ratio of 1.43 (Glud et al., 2002) and the molar mass of
is 22.5, gas input from the atmosphere (during frazil ice for-C, We can calculate the equivalent C uptake in gCnThe
mation or when sea ice is permeable) and gas bubble formachange of that C uptake over time is the NCP. Since NCP is
tion in the permeable ice should pull the bulk ice/@r to- derived from the comparison of C uptake obtained in distinct
wards 22.50. Therefore, if both dissolved and gaseous statd§€ cores that are separated by a certain time interval, how
exist in the ice, @/ Ar could range between 13.65 and 22.50 nutrient and light availability locally affect the C uptake is
due to physical processes, hereafter referred to abiotic rang@ot taken into consideration.
of O2/Ar.

We applied the same calculation t@ MN,. The relative
solubility in seawater is 0.56 (Garcia and Gordon, 1992;3 Results
Hamme and Emerson, 2004). Since the relative diffusion co- . .
efficient between @ and N\ is 1.09 (Broecker and Peng, 3.1 Ageneral overview from the standing stocks

1982), the relative solubility with maximized diffusion pro- Figure 3 shows the standing stocks of Ag @nd N, in par-
cesses is 0.51. Given that the atmospheric ratio0ffQ is  5)jg| with the ice thickness, for the different sampling events.
0.27, the abiotic range of Nz inice is 0.27-0.51. @/ N2 N, has the largest standing stocks among the three gases, fol-
that is above or below this abiotic range is attributed to anj,ed by @ and then Ar. The temporal variation of the three
impact of biological activity (Souchez et al., 2006). gas standing stocks were similar, but differed from that of
the ice thickness: while sea ice continuously thickened from
BRW2 (82 cm) to BRW10 (142 cm), the gas standing stocks
The deviation of @/ Ar from saturation,A(Oz/Ar) (which increased from BRW2 to BRW8 but decreased at BRW10.

2.5 Deviation of the @/ Ar from saturation

is referred to as “biological @supersaturation” in seawater
studies, e.g., Castro-Morales et al., 2013), is formulated as i

,:th' .(2)’.? ng. V\lle Qefilne ;hiﬂoncgntrati_oné assgo.ciated with The saturation levels of N O, and Ar decreased with in-
€ in situ biological activity ([@]bio) as in Eq. (3): creasing brine volume fraction (Fig. 4). The highest super-

[O2]/[Ar] 5 saturation of N, O, and Ar (7030, 3180 and 2960 % re-
[O2]eq/[Arleq B 2) spectively) corresponded to the lowest brine volume fraction

I;?.Z Gas saturation levels

A(Oz/Ar) =

Biogeosciences, 11, 5003820 2014 www.biogeosciences.net/11/5007/2014/
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Figure 3. Evolution of the standings stocks of,NO, and Ar Brine volume fraction (%)

(squares, circles and triangles respectively) compared to the evo-. . r .
lution of sea ice thickness (vertical grey bars). The break in ga(s)':Igure 4. Saturation levelsA C; in Eq. 1, in percentage) of N O;

standing stocks is set at 50 mmotf an_d Ar (squares, c_lrcles and triangles respectively) compared to the
brine volume fraction.

(2.2%), while the lowest undersaturations33, —52 and  [chl 4] increased again at BRW10, showing a vertical pro-

—54 % respectively) corresponded to the largest brine volile and standings stocks similar to those of BRW?7.

ume fraction (29.3 %). In addition, Nsaturation levels con- The percentage of phaeopigment also varied strongly with

trasted with those of @and Ar: for similar brine volume  depth in BRW2, with over 60 % of phaeopigments in the up-

fraction, N generally reached higher supersaturation levelsper ice layers but less than 20 % at the ice bottom. It varied

than G and Ar, which have much similar saturation levels. petween 20 and 40 % in BRW4 and BRW?7, and increased
drastically in BRW8 (with phaeopigments reaching 100 % in

3.3 O, concentrations some layers). In BRW10, the percentage of phaeopigments
varied between about 40 and 70 %, with generally higher val-
Figure 5a shows the concentration of @ bulk ice [O], ues in the upper ice layers.

compared to the solubility of £in ice. The dashed areas re-

fer to the permeable ice (i.e., layers with brine volume frac-3.5 O,/Arand O,/N>

tion above 5 %, while the non-dashed areas right above refer

to the impermeable layers (i.e., with brine volume fraction O2/Ar in ice ranged between 15.8 and 97.6 (Fig. 5c) and
below 5 %); Golden et al., 1998). Mean{[dncreased from  Ox/N,, between 0.3 and 1.5 (Fig. 5d). Bothp OAr and
BRW2 (67.4 umol 1) to BRWS (122.4umol t1) and de-  O2/N3 ratios are compared to their respective values in the
creased at BRW10 (93.4 umott). At BRW2 and BRW4, atmosphere (22.5 and 0.3) and in seawater with maximized
[O2] generally exceeded the solubility o the imperme-  diffusion processes (13.7 and 0.5).

able layers, but reached the solubility values in the permeable O2/Ar in ice at BRW2 was highly homogeneous at all
layers. The trends changed from BRW7 onwards: in BRW7depths, with a mean and standard deviation of 18 8%84.
and BRWS8, [Q] was higher than the solubility at all depths, These ratios were found between the value of & in the
except in the 5 last centimeters of the ice core. In BRW10,atmosphere and that in seawater with maximized diffusion
[O2] was close to the solubility of @in the upper layers processes. Over the next sampling events, A in ice in-
(from 12.5 to 72.5 cm), but exceeded the solubility ofl@-  creased on average, exceeding the & in the atmosphere

low these layers. (the upper limit of Q/Ar that can be explained by abiotic
processes), and became more variable vertically (Fig. 5c). It
3.4 Chlorophyll @ and phaeopigment concentrations is also noteworthy that from BRW4 onwards, the maximum

O2/Ar in each sampling event was found in the lower part
The concentrations of chl [chl ¢] varied largely with depth  of the ice, but never coincided with the maximum of [ehl
(Fig. 5b) and ranged from 0 to 83.9 pgtover all the sam-  even at BRW10 where the whole profile obOAr clearly
pling events. The highest [ch] values were always intheice  mimicked the one of [chi].
bottom, except in BRW4. Above the bottom layer, the [chl Although both @ /N2 and G /Ar in ice have similar co-
was generally below 1 ugl. Drastic changes occurred in efficient of variation (respectively, 49 and 46 %= 121),
BRWS8 when sea ice permeability increased sharply: #8hl  O2/N2 only exceeded once its abiotic range between BRW?2
dropped at all depths, and particularly in the ice interior. and BRW8, while Q/Ar exceeded its abiotic range from

www.biogeosciences.net/11/5007/2014/ Biogeosciences, 11, H02?08-2014
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BRW4 onwards (Fig. 5c¢, d). Similarities betweep/@r and 3.0
O2/Nz became more obvious in BRW10: both ratios were E= Thickness
close to their respective atmospheric values at the ice surS 2.5 { | —a— Ar

s
face, and they exceeded their respective abiotic range in th% ||~ 02
ice interior, with a maximum in the lower part of the ice that o 29 | | —® N2
did not coincide with the maximum in [cla]. o
T 151 g
(]
4 Discussion -
% 1.0
4.1 Overview on the dynamic of Q in comparison to =
those of Ar and N, 5 0.5 1
Since N and Ar are only sensitive to physical processes g

in the present study, the fact thap Gtanding stocks varied 2 4 7 8 10
in the same way as Nand Ar over time (Fig. 3) indicates
that the physical controls onGstanding stocks dominated
over the biological ones. Two main physical processes affectigure 6. Changes of ice thickness, Arp@nd N> concentrations

the standing stocks of gases in ice: the incorporation durindor each sampling event relative to BRW2. Value above, equal to
ice growth and the subsequent gas transport within the iceor below 1 indicates an observed change that is respectively higher,
Gas incorporation during ice growth would result in similar equal to or lower than the value in BRW2.

changes in gas standing stock and ice thickness, while subse-

guent gas transport within the ice could result in decoupled

changes. , , )

Figure 6 compares the changes in gas standing stocks arf@m ©f the impermeable ice layers (2 to 4.9 % of brine vol-
ice thickness in all the sampling events relative to BRW2. In-Ume fraction) (Fig. 5) then indicates a decrease in the en-
creasing standing stocks and ice thickness in one samplinff@Pment efficiency during ice growth. That decrease in the
event (relative to BRW2) will result in a value of changes incorporation eff|c.|ency has .been suggested for Ar in Zhou
above 1. Further, if the gas standing stocks increased solel§t @!- (2013) and is also valid for GHZhou et al., 2014).
due to ice growth, gas standing stocks and ice thickness wilPefly, when sea ice forms, gas concentration increases in
show a similar value of changes. Therefore, the changes o?arallel with sal|n|ty_ (this is the so-called “brine concentr_a-
gas standing stocks that (almost) evolve in the same way allon’)- Atthe same time, because of the temperature gradient
the ice thickness from BRW2 to BRW?7 indicate that gas in- &t the beginning of ice growth, brine salinity increases above
corporation was (mainly) associated with ice growth, while S€awater salinity, leading to the decrease of gas solubility
the significant differences in BRWS and BRW10 indicate in brine. B_oth increasing gas concen'Fratlon and decreasing
subsequent gas transport. gas solubility Igad to gas supersgturatlon, and eventually gas

Subsequent gas transport may have occurred in BRWS aneubble_ formation. Whatever the ice depth where gas bubble
BRW10 because both ice cores were permeable (brine volformation take place, the formed gas bubbles may then as-
ume fraction above 5 %) at all depths. However, the processe§eNd due to their buoyancy and accumulate under the imper-
leading to the subsequent gas transport were different in botffi€able ice layers. Because gas bubbles move upwards due
sampling events, as the changes relative to BRW2 increasel their buoyancy, while dissolved compounds are subject to
in BRWS for all the gases (indicating an addition of gases),9ravity drainage (i.e., downward movement), gas bubble for-
but decreased in BRW10 (indicating a removal of gases), andnation favors gas accumulation in sea ice in contrast to the
more particularly for N and Ar than for @ (Fig. 6). dissolved compounds. However, as sea ice thickens, the tem-

Therefore, the temporal changes of the standing stocks inP€rature gradient (i.e., brine salinity gradient) decreases in
dicate three distinct stages in the gas dynamics: (1) gas int"€ i€, and gas bubble formation due to solubility changes
corporation during ice growth from BRW2 to BRW7, (2) gas becomes less efficient. This mechanism explains the slight

accumulation in BRWS despite the increase of ice perme_decrea_lsing trend in [Qin ice from the surface to the bottom
ability at all depths, and (3) gas removal in BRW10, but with ©f the impermeable ice layers.

Sampling events (BRW)

larger removal of Ar and Nthan G. The presence of gas bubbles in the impermeable ice lay-
ers is confirmed by ice thin sections (Zhou et al., 2013), and
4.2 Gas incorporation during ice growth the large N supersaturations also indicate the presence of

gas bubbles in our ice samples. Indeed, dpersaturation
If the entrapment of gases in sea ice was constant during iceeached up to 7000 % in the impermeable ice layers, while
growth, we should expect a constanb]@n ice with depth.  supersaturation of 2200 % already corresponds to gas bubble
The slight decreasing [£pin ice from the surface to the bot- formation (Killawee et al., 1998).
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Because the accumulation of gas bubbles occurred at thfact that we observed an accumulation of gases in BRW8
beginning of the ice growth, i.e., in the upper ice layers,indicates that the process of gas bubble escape was not
which are also associated with high brine salinity (hence lowinstantaneous. The geometry of the brine network or tor-
gas solubility) and low brine volume fractions at the sam- tuosity (e.g., Golden et al., 2007), the impurities in brine
pling, it is not surprising to observe highpQAr and N> su- (Liger-Belair, 2005), the presence of biogenic exopolymer

persaturation at low brine volume fractions (Fig. 4). substances (Krembs et al., 2011) and the intensity of brine
drainage (Moreau et al., 2014) may all slow down the
4.3 Gas accumulation subsequent to ice formation ascension of gas bubbles through the brine network, i.e., in-

creasing the duration needed for gas equilibrium.
4.3.1 Gas bubble formation due to biological activity
4.3.2 Void formation in warming sea ice

The changes in gas standing stocks that deviated from the ) o ]
changes in ice thickness in BRWS (relative to BRW2) in- Another explanation for gas bubble formation in warming

dicate an addition of gases. The addition of gases may b&€@ ice (BRW 8) is the formation of voids, caused by the
counter-intuitive because BRWS was permeable at all depthgMelting of the pure ice which has a lower density than brine
hence, gas exchanges (diffusion and/or convection) shoul«_(l'-'ght etal., 2003; Tsurikov, 1979). Although void formation

tend to alleviate the supersaturation that is formed during icd" S&@ ice inevitably leads to gas exsolution from brine, these
growth (see previous section), leading to a decrease of thyoids had to form before brine convection for significant gas

standing stocks, rather than an accumulation of gases as it fuPPle formation. Otherwise, brine convection may fill the
observed. voids in sea ice, impeding the process of exsolution.

Further, the simultaneous addition ofp,OAr and N 433 Superimposed ice formation
(Fig. S2 in the Supplement) was only possible through gas P P

bubble format!on and accur_nulanon in sea ice. Since f“”fSuperimposed ice formation was found in the first 20 cm of
depth convection occurred in BRWS (see Sect. 2.1), addiyhe gyrface of BRW10 (Zhou et al., 2013), which implies the
tional dissolved gases would be drained out of the ice thro“gréeepage of snow meltwater and subsequent freezing on con-
convection, while additional gas bubbles may remain in they, et with sea ice (Haas et al., 2001). The mechanism leading
ice due to their buoyancy despite brine convection. The rey, gag accumulation in or right below the superimposed ice
sulting questions are then how do these gas bubbles form if \nclear, but there are three potential explanations for this
sea ice and how can they accumulate in the permeable icgpservation according to Tsurikov (1979): (1) direct input of
layers? ) ) atmospheric air in the ice pores (because of the positive free-
One explanation for the accumulation of gas bubbles could, o5 4) pefore the formation of the superimposed ice layers,
be the growth of gas bubbles from pre-existing gas cavities) accumulation of gas bubbles that have risen through the
triggered by local supersaturation fluctuations (Jones et al.y o network, or (3) accumulation of gases associated with

1999). Because [§) in bulk ice was at solubility in the bot-  the rapid freezing of snow meltwater (see Zhou et al., 2013,
tom 30 cm of the ice in BRW2 and BRW4, but became lo- for a more extensive discussion).

cally supersaturated in BRW7 when [eljlincreased sharply

(Fig. 5), we postulate that biological activity in BRW7 cre- 4.4 Difference in the changes of standing stocks between

ated Q supersaturation and possibly gas bubbles (Tsurikov, O, and both Ar and N,

1979) in some local micro-niches (i.e., confined pores cre-

ated by microbial excretion and/or structure), forming the The changes of the standing stocks (relative to BRW2) de-

so-called “pre-existing gas cavities”. Then, the increasing icecreased between BRW8 and BRW10 (Fig. 6) for all the gases,

permeability and full-depth convection in BRW8 allowed the indicating the removal of gases from sea ice. The fact that

local supersaturation fluctuation, which favored the growthboth [Ar] and [N;] dropped to their respective solubility in

of gas bubbles (Jones et al., 1999) and supports the observéck (below the superimposed ice layers) (Fig. S2 in the Sup-

Oz accumulation. Once thes@as bubbles are formed, other plement) is a result of prolonged gas exchange (through gas

dissolved gases (e.g.pMnd Ar) may diffuse from brine into  bubble escape and gas diffusion). The addition of snow- and

the gas bubbles, because the partial pressure afi Ar in ice meltwater likely has further drawn down [Ar] and{]No

brine is higher than that in thex@as bubbles (e.g., Lubetkin, below their respective solubility in ice. Previous analyses of

2003). This process eventually allows the accumulation of allwater stable isotopes in brine, nitrate concentrations and ice

the gases in sea ice, and more particularfyrther than Ar  texture (Zhou et al., 2013) support the suggestion of snow-

(see the larger changes i khan in Ar in Fig. 6), because and ice-meltwater infiltration.

the partial pressure of Nis higher than that of Ar (see the In the layers comprised between 20cm (i.e., below the

range of [Nb] and [Ar] in Fig. S2 in the Supplement). superimposed ice layer) and 75cm of BRW10,]@lso
Theoretically, the formed gas bubbles should rise throughapproached the saturation as for,]JNand [Ar], indicating

the brine channels and escape from the permeable ice. Thibat all the gases are likely dissolved in brine. Dividing the
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observed [@] in ice by the brine volume fraction, and as- 4.5 Gas exchange at the bottom of the ice

suming a density of the brine of 1 (because brine salinity was

close to seawater salinity), we obtain the range of][@ Although ice algae produces(he maximum of [chk] did
brine, which range from 232 to 647 pmolkl with a mean  not coincide with the maximum of [ over all the sampling

of 400 pmol kg . That range is close to that presented in Pa-events. The low phaeopigment percentage (20—30 %) in those
padimitriou et al. (2007) (212 to 604 umolkdy where the  bottom layers (Fig. 5b) suggests low algal degradation, and
loss of @ from ice was also evident. hence low consumption of{by the heterotrophs in compar-

In contrast to [Ar] and [N], [O2] was supersaturated at ison to the algal production. A potential pathway that allows
the bottom of BRW10 (Fig. S2 in the Supplement), and thethe removal of the produced,0n these bottom permeable
changes of @standing stocks (relative to BRW2) decreasedice layers is the transport through diffusion and convection.
with a lower magnitude than Ar and;NFig. 6). The reason The fact that [Q], [Ar], and [N2] in ice all reached the solu-
is that biological @ production partly compensated for the bility in the bottom of the ice supports the suggestion of gas
loss of @ due to gas exchange. §pvalues higher than the exchange with seawater — where all the gases are assumed to
solubility were indeed found in the lower part of BRW10 — be at saturation.
where high [chk] were also observed.

We made a simple calculation to estimate the changegl.6 Caveats and uncertainties when calculating NCP
of saturation associated with the biologicap Production from O,/ Ar with O 5/ N, in seaice
between BRW8 and BRW10. Mean Ar solubility in the
whole ice column has increased from 1.9 (in BRW8) to Recent studies have determined NCP in seawater, using Ar
2.8umol L1 (in BRW10), i.e., by 50%. Similarly @sol- to correct for the physical contribution in the variation of O
ubility has increased from 38 to 57 umott, i.e., also by  (Cassar et al., 2009; Castro-Morales et al., 2013; Hendricks
50 %. Therefore, in a closed system, the saturation levels oét al., 2004; Reuer et al., 2007), while N> was shown to
both Ar and Q should have decreased by 50 %. Meanwhile, be sensitive to the biological activity in basal continental ice
mean Ar saturation has decreased from 26316 %, i.e.,by  (e.g., Souchez et al., 2006). In this section, we will discuss
106 %. Hence, the 50 % of changes in Ar solubility are notcaveats and uncertainties related to the calculation of NCP
large enough to explain the changes in the saturation leveldrom O,/ Ar or O2/ N3 in sea ice.
and about 56 % of the decrease in Ar saturation is associ-
ated with the escape of gas bubble escape, gas diffusion 4.6.1 /N> and O,/Ar trends in this study
and possibly the addition of snow meltwater that contributed
to the Ar saturation levels down te15%. Mean Q satu-  The range of @/ N, from BRW2 to BRW7 (0.27 and 0.41)
ration has decreased from 180 to 58 %, i.e., by 79 %, whictremained within the abiotic range (0.27-0.51), indicating
was lower than the 106 % observed for Ar. The differencethat we cannot exclude the possibility that these were solely
(106— 79 %= 27 %) is likely the contribution of biological associated with physical processes. Indeed, the observed
activity to the Q supersaturation. range is consistent with those obtained from ice growth ex-

There is one fundamental difference between BRW8 andberiments in abiotic conditions (0.37-0.45) (Killawee et al.,
BRW10 that is worth discussing: why did biological activ- 1998), or with negligible bacterial activity (0.32—0.44) (Tison
ity trigger gas accumulation in BRW8, but not in BRW10? et al., 2002). In contrast, the increase of/®l; up to 1.47,
One simple reason would be the larger brine volume frac4.e., beyond the abiotic range, in BRW10, indicates that the
tion in the upper layers of BRW10 (10 to 30 %) in compari- contribution of biological activity to the [} dominated over
son to BRW8 (7.5 to 10 %), which allowed the evacuation of that of the physical processes. This is in agreement with what
the formed gas bubbles. Another explanation would be thatve have observed from the changes of gas standing stocks
gas bubbles were more difficult to nucleate in BRW10. In- over time (Sect. 4.4).
deed, the production of £n BRW8 occurred at the begin- To the best of our knowledge ,@Ar has never been mea-
ning of the increase of ice permeability, when both gas cav-sured in ice before. However, the range of/@r observed
ities and supersaturated gases were present, and when briire the present study (15.8-97.6) is comparable to (if not
convection allowed the fluctuations of local supersaturationshigher than) the range of QAr in seawater studies (10—

In contrast, in BRW10, low Bland Ar supersaturation due 55) (Nemcek et al., 2008; Shadwick et al., 2014), pointing
to prolonged gas equilibration between the atmosphere antb the reliability of our results. Further, since; Ar and
brine (Fig. 4), in combination with brine stratification (i.e, O»/N2 evolve similarly toward higher values over the sam-
absence of local supersaturation fluctuations due to bringling events, the sharp increase of /[@r in BRW10 likely
convection), could have made it more difficult to form gas indicates, as for @/ N, the switch from a situation where
bubbles from @ production in BRW10. the physical contribution to £supersaturation dominated to

a situation where the biological contribution dominated.

The main difference between,®Ar and G,/ N2 (Fig. 5c¢,
d) was their variability with depth: & Ar exceeded the
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abiotic range from BRW4 onwards (versus BRW8 for Table 2. Synthesis on the trends of changes 9f/@r and O,/ N»
02/Ny). That difference may result from (1) the relative at the ice-water interface. An upward arrow indicates that the pro-
abundance of @compared to those of Ar andaN(2) the cess increases the ratio, while a downward arrow indicates that the
relative solubilities of the gases and (3) the relative diffusionProcess decreases the ratio. The percentages in brackets indicate the
rates of the gases. Firstly, since;J@ about 20 times higher maximal changes of the ratlo associated with the physical processes
than [Ar], but about 3 times lower than §iN adding the same (see Sect. 4.6.2 for details).

amount of Q (due to biological activity) will induce a higher

. . . . i 0, /A 0,/N
increase in the @ Ar ratio than in the @/N; ratio. Sec- _ 217 212
ondly, N solubility in brine was clearly different from that ;h"tc?sytr_‘thes's I I

. espiration
of Qz and Ar,_as suggested by the larger supgrsaturatl_on of Gas bubble formation 1 (+9.9%) | (-51.8%)
N2 in comparison to @and Ar .(Flg. 4). That difference in Diffusion® 1 (=33.3%) 1 (~8.9%)
gas solubility impacts the partitioning of gases between brine  piffusion? ?(=9.2t04+11%) 1 (+39 to+66 %)

and gas bubbles, which then affect differently the/ @r and
0, /N ratios Thirdly, although there is currently no consen- ‘Broecker and Peng (198Z2)Crabeck et al. (2014)
sus on the diffusion coefficient of OAr, and N> in brine
(Table 1), it is well established thab®Ar and G / N2 ratios
will change if diffusion occurs in the permeable bottom ice
layers (Killawee et al., 1998).

4.6.3 Biases on [Q]eq due to physical processes

Equation (3) implicitly assumes that $Pis equal to [Q]eq

in the absence of biological activity. However, as discussed
in Sect. 2.5, [Q]eq prior to biological activity may be higher
than the gas solubility calculated at in situ temperature and

Before calculating NCP from Egs. (2) and (3), we first as- Salinity following Garcia and Gordon (1992) and Hamme
sess the potential biases on NCP associated with the impa@nd Emerson (2004), because of gas bubble accumulation
of gas diffusion and gas bubble nucleation onJiQ/ [Ar] eq (Sect. 4.2). Indeed, Ar supersaturation approached 500 % for
and [Os]eq/ [N2]eq The presence of gas bubbles will draw brine volume fraction of 5% (the transition from perme-
[Oz]eq/ [Ar] eq from 20.48 (solubility in seawater) to 22.5 able to impermeable layers) (Fig. 4) —in comparison to 1%
(ratio in gas bubbles) and g/ [N2]eq from 0.56 to 0.27 of supersaturatlon reported in sea_lwater stu.dles (H.amme and
(Sect. 2.4). Gas diffusion privileges the loss of @ com- Severinghaus, 2007), and 564 % in Antarctic lake ice (Hood

parison to Ar and M by a factor of 1.5 and 1.1 respectively, €t al., 1998). Similarly, [@]eq at sea ice consolidation may
if one considers the ratio of diffusion coefficient following b€ supersaturated as well: at least 500 % if we assume similar
Broecker and Peng (1982). But if one considers the work ofSolubility for O; and Ar (Weiss, 1970), and even more if we
Crabeck et al. (2014), the ratio of diffusion coefficient for take into account the £production in the bottom ice layers.
O/ Ar will change by a factor of 0.9 to 1.1 and for,ON> . . .
by a factor of 0.6 to 0.72 (Table 1). The expected changed? Estimate of [G]bic and NCP and in sea ice
(given in percentage in Table 2) thus range fres@.2 to
—33.3% for [Q]eq/ [Ar] eq and from —8.9 to 466 % for
[O2]eq/ [N2]eq depending on whether we consider the work preyigys sections have shown how physical processes and
of Broecker and Peng (1982) or Crabeck et al. (2014). Conyjg|agical activity both influence [g] in sea ice. Therefore,
sidering the lower range of bias on {ldq/[Ar]eq iN COM-  NCP calculations from [g] require removing the physical
parison to [Qleq/ [N2]eq, e suggest using the formerinthe i nrints. Since we assume that the impermeable ice layers
calculation of [Q]bio and NCP. are closed systems, only biological activity could change O
We estimated the propagation of errors onJi§d (calcu-  concentration in these layers over time. Thus, theoretically,
lated from Eq. 3), using the Monte Carlo procedure and neyne changes of the standing stocks efithe impermeable
glecting the error on gas diffusion (i.e., assuming equwalent|ayers (0-50 cm) from BRW2 to BRW7 (Table 3 - @neth.
diffusivities for O, and Ar in sea ice as in Crabeck et al., column) should be equal to NCP. However, since BRW2,
2014). We used random values of the measured parametegir\y4 and BRW7 refer to different sampled ice cores, rather
(T, S and G/Ar) between the meatt standard deviation 5 the changes in the same ice core over time, spatial vari-
over 1000 iterations, assuming & maximum error of 9.9 % on,jjiry affects the calculated NCPs. For instance, the simulta-
[O2]eq/ [Ar] eq due to gas bubble formation and an absolute s drop in [@], [Ar] and [N7] to the solubility values in
error of_O.l forT and§ (Table 2). The calculated maximum BRWA4, between 20 and 40 cm depth (Fig. S2 in the Supple-
uncertainty of [Q]pio is then 34 %. ment), points to spatial variability rather than NCP changes.
That spatial variability was likely associated with changes in
water masses, as water stable isotopes also showed anomalies
at the same ice depths (Zhou et al., 2013). NCP calculated

4.6.2 Biases on [@leq/ [Ar] eq and [O2]eq/ [N2]eq due to
physical processes

4.7.1 The impermeable layers
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Table 3.NCP in the impermeable ice layers (0 to 50 cm depth) from 0
BRW?2 to BRW4 and from BRW4 to BRW?7, in pmok@ ~1d—1,
The columns entitled “@ meth.” refer to the NCP derived from 20 1
the standing stocks of [£) in bulk ice, while the columns entitled 40
“Oo/Ar” refer to the NCP derived using the@Ar (see Egs. 2 - ]
and 3, considering 500 to 3000 % of supersaturation). The latter E 604
could be further affected by a maximum uncertainty of 35% (see s 1
Sect. 4.6.2). S 80
[a] 1
BRW2-BRW4 BRW4-BRW7 100 ]
Ice depth (cm) @ meth. Q/Armeth. O meth.  Q/Ar meth. 120 |
0-10 1.0 0-0.1 -1.2 0.6-3.6 I :
10-20 1.9 -0.1-0 -43 —02-13 140 1T
20-30 0.4 -0.1-0 4.9 0.2-1.0 0 20 40 60 80 100 120 140 160 180
30-40 2.0 0-0.3 -6.6 -0.6-3.3 A
40-50 1.5 0-0.2 -3.9 -3.3-05 [0, (1Mol O3 Lice ')

Figure 7. [O5]pio in BRW10 calculated following Eq. (3). The re-
sults may be converted into C uptake, assuming a photosynthetic

following Eq. (3) should then correct for spatial variability, quotient &/ C of 1.43 (Glud et al., 2002)

because it corrects for{Qvariations using Ar, which evolved
under the same physical conditions (i.e., experiencing the
same spatial variability).

We further multiplied the NCP (calculated following
Eq. 3) by a factor of 5 to 30 to take into account the full
range of observed Osupersaturation when the ice became
impermeable (Fig. 4 and Sect. 4.6.3). Dividing the obtained
values by the number of days between the sampling event

then provides NCP (Table 3 —@Ar meth.). Note that, as fected [Q]eq/ [Ar] eq- Beside the fact that a large range of dif-

demonstrated in Sect. 4.6.2, these ranges have a maximu;n . 1 - :
. . : usion coefficients exist in the literature (Table 1), our present
uncertainty of 40 % due to the impact of physical processes

o (O[] (34, St 4.6 and he samping tme 0o 2000 o e Gy and gse ranepot s o
(up to 6 %, Sect. 2.3 and S1 in the Supplement). 9 N y P

Both positive and negative NCP from BRW4 to BRW? in- on the variations of [@] over the samplmg period (e.g., notin
dicate that heterotrophic and autotrophic processes coexist iP]RWS)' Therefore, rather than calculating NCP based on the
change of [Q] between BRW8 and BRW10, and neglecting

sea ice; this is possible due to the presence of micro-niche ; . . . ;
in sea ice (Rysgaard et al., 2008). The change from a ne%e dlﬁerentlal impact of' brine convection and perm'eabll-
' ity on [O] in both sampling events (Sect. 4.4), we simply

autotrophic (BRW2-BRW4) to a both autotrophic and het provide a conservative estimate ofdlgo in BRW10, where

erotrophic system (BRW4-BRW?7) is also in agreement with . ; . .
. S . o ._brine convection was absent and, hence, when only biologi-
previous results suggesting increased remineralization (i.e.

net heterotrophic processes) in BRW7 (Zhou et al., 2013). cal activity and d|ﬁu§|on took place. : .
. LN In contrast to the impermeable layers, we simply consider
Measurements of NCP in the ice interior are scarce,

. . . . . '[O2]eqat saturation (hence no supersaturation), since all the
which limit the comparison of our values with the lit- as bubbles have escaped from the ice (Sect. 4.4). The max-
erature. However, the positive NCPs reported here (Oigmum uncertainty is 215/'this was calculated. deIOWin the
to 3.6pmolQL~1d™1, which are equivalent to 0 to y o 9

1.3mgCnr3h-1) are consistent with those measured in procedure described in Sect. 4.6.2, but neglecting the 9.9 %

. o f error due to gas bubble accumulation (because of the ab-
the melt ponds in the Canada Basin in 2005 (0.03 and’ . )
2.12mgCm3h-1) (Lee et al., 2012), with similar [chi] sence of gas bubbles), and adding the 6 % of error due to diel

(0.02 and 0.7 mgchk m—2 in the present study versus 0.1 O production/respiration.

and 0.6 mg chi m~23in Lee et al. 2012). The negative NCPs 17Zh5€ ;a;fgitff (l[:?]bio?)Inwhﬁih\?zr;esui\?:gﬁig :-C‘; rzgg
(—0.2 to—6.6 pmol @ L~ d~1) are comparable to the range ~H 9. 1), q

of O, consumption rates measured in the bottom of sea ic uptake (or autotrophic organic carbon production) of 3.8 to

922 umol C L2, consideri i
) ; 1 a1 pmo , considering the @/ C ratio of 1.43 (Glud et
goggmklm Bay (0 to 3pmol@L™d™) (Rysgaard et al, al., 2002). This minimum estimate is comparable to the range

of POC found in the bottom of Barrow sea ice, in May (105
to 212 umol C 1) (Juhl et al., 2011).

Integrating [Q]pio leads to a standing stock of
52.3mmolQ@m~2 due to biological activity, which is

4.7.2 The permeable layers

In the permeable layers, fxq should be closer to the gas

solubility calculated at in situ temperature and salinity fol-
lowing Garcia and Gordon (1992) than in the impermeable
Eiyers. However, brine convection and diffusion may have af-
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equivalent to 36.6 mmolCn?, or 438.9mgCm2. This dation is indeed uncertain. Also, the wide range of diffusion

fits within the range of integrated sea-ice POC reportedcoefficients for @, Ar and N\; found in the literature, and

in the Chukchi and Beaufort seas during May/June 2002he uncertainty of how both brine convection and diffusion

(200-2000 mg C m?) (Gradinger, 2009). Given that the affectthe Q/Ar signalin sea ice have to be solved for accu-

chl a standing stocks were 8.3 mgt(Zhou et al., 2013), rate NCP estimates. We acknowledge the limitations of our
our calculation provides a C: Chlratio of 52, which com-  pioneering study, but as our conservative estimate of NCP
pares well with the 57 used in Jin et al. (2006) and obtainedand [Q]pio are comparable to the literature, NCP calcula-

from their observations (M. Jin, personal communication,tion using Q/Ar appear promising — especially in cases like

2014). The consistency of C:chl with the literature and BRW10, where brine convection was absent and diffusion
the similarity between [g]pio with POC in the literature, in  probably negligible in comparison to NCP.

spite of neglecting diffusion, suggest that diffusion occurred

at a much lower rate than NCP. . o . .
The Supplement related to this article is available online

at doi:10.5194/bg-11-5007-2014-supplement
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