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Abstract. lodine compounds were measured above, belowl Introduction
and within the sea ice of the Weddell Sea during a cruise in

2009, to make progress in elucidating the mechanism of locairhe presence of iodine oxides, formed via reactions of io-
enhancement and volatilisation of ioding nhixing ratl_os of  dine compounds with 0zone that may contribute to 0zone de-
up to 12.4 pptv were measured 10 m above the sea ice, and Wetion events (Chameides and Davis, 1980), may also lead
to 31 pptv was observed above surface snow on the nearby, ney particle formation (O’Dowd et al., 2002). Growth of
Brunt Ice Shelf — large amounts. Atmospheric 10 of up {0 gych particles would increase the number density of cloud
7 pptv was measured from the ship, and the average sum Qfongensation nuclei and so the albedo of clouds, thereby
HOI and ICl was 1.9 pptv. These measurements confirm thg,,oing regionally (Slingo, 1990). Given the large amounts of
Wedde!l Sea as an iodine hotspot. Average atmospheric cong gpserved by a ground-based spectrometer near the Wed-
centrations of Chll, CoHsl, CHoICl, 2-C3H7l, CHzIBrand g sea (Saiz-Lopez et al., 2007), understanding the local
1-CgH7l were each 0.2 pptv or less. On the Brunt Ice Shelf, snhancement of atmospheric iodine is an essential part of un-
enhanced concentrations of @tand GHsl (up to 0.5 and  gerstanding control of regional climate and chemistry.

1 pp_tv respectively) were observed in firn air, with a dlurna! Satellite measurements (Sthardt et al., 2008) showed
profile that suggests the snow may be a source. In the sea iGga; such large amounts of 10 exist over much of the sea ice
brine, iodocarbons concentrations were over 10 times thosg¢ ihe Weddell Sea. Hence an iodine-selective mechanism
of the sea water below. The sum of iodideiodate was de- st exist that concentrates and volatilises iodine from the
pleted in sea ice samples, suggesting some missing i0dingcean, but does not concentrate bromine — bromide is over
chemistry. Flux calculations suggestdominates the iodine 1000 times more abundant than iodide in seawater, whereas
atom flux to the atmosphere, but models cannot reconcile thgmsspheric concentrations of 10 near the Weddell Sea are
observations and suggest either a missing iodine source Qfimjlar to those of BrO (Saiz-Lopez et al., 2007). Release
other deficiencies in our understanding of iodine chemistry. ¢ promine into the atmosphere occurs via heterogeneous re-
The observation of new particle formation, consistent with 5tions with bromide. enhanced by brine formation during
the model predictions, strongly suggests an iodine SoUrCeqeezing of sea water (Barrie et al., 1988: Vogt et al., 1996).
This combined study of iodine compounds is the first of its |4 gine requires a more efficient mechanism of enhancement.
kind in this unique region of sea ice rich in biology and rich  5ne such mechanism may be the emission of volatile io-

iniodine chemistry. dine from sea-ice diatoms. The sea ice of the Weddell Sea
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is characterised by high porosity and high biological activ- c. Physical properties of the ice were used to determine the
ity (Garrison and Buck, 1989), and by gap layers rich in continuity of the brine channel network that provides a
diatoms some 10 or 20cm below the ice surface (Haas et  path to the atmosphere.
al., 2001; Ackley et al., 2008; Kattner et al., 2004), some _ _
of which are a source of iodocarbons (Moore et al., 1996; d. IO and new particle formation were measured.
Tokarczyk and Moore, 1994). Fogelqvist and Tanhua (1995)
observed enhanced concentrations of iodocarbons in sea ice®:
pore water in the Weddell Sea. Previous measurements close
tothe ce edge of the Sputhern Ocean (Carpenter etal, 2002I)his is the first combined in situ Antarctic study of organic
found high concentrations of halocarbons in surface waters . L . . i

. . . and inorganic iodine compounds in sea water, ice and air,
from ice melt. Previous measurements of polar |0docarb0n§ ether with their resultant 10 and new particles
are listed in Supplement Tables S1 and S2. Saiz-Lopez anqOg P '
Boxe (2008) proposed that sea ice diatoms could be respon-
§|ble for b emission as the precursor of the qbsgrved I02 The field campaign, materials and methods
in coastal Antarctica. Diatoms can accumulate iodide (de la

Cuesta and Manley, 2009), release HOI (Hill and Manley, measurements were made from 28 January to 5 March
2009) and convert iodate to iodide (Chance et al., 2007). 2009 on the ice-strengthened RRS Ernest Shackleton (cruise
Whilst biological production is thought to be the domi- E£5033) sailing from Stanley in the Falkland Islands (586
nant source of iodocarbons, alternative pathways have beeg; g W) via Signy (60.7 S, 45.6 W), to the ice covered
proposed, involving light (Spokes and Liss, 1996), humic \weddell Sea where sea-ice cores were collected between 5
material (Carpenter et al., 2005) and ozone (Martino et al.and 14 February. Between 19 and 22 February the ship was
2009). The freezing of sea water could release inorganic iomgored against the Brunt Ice Shelf (7531 26.8 W), on
dine (O’Driscoll et al., 2006), involving the nitrite and iodide \yhich an experimental site was set up where air was near-
present in sea salt: protonation of HONO by kbns, re-  continuously monitored. The ship then returned via Signy to
jected from the ice phase and concentrated in liquid microp-stanley. Seawater and air were sampled at irregular intervals

ockets, leads to YONO"™ which may then react with 110 throughout. Table 1 gives a summary of the measurements,
released and NO. This reaction, which has previously been 3nq Fig. 1 shows the ship’s track.

known to occur in weakly acidic solutions, may therefore oc-
cur in neutral solutions which undergo a freeze thaw cycle. 2.1 Sample collection
Field measurements of volatile iodine compounds in sea
water covered in ice are rare, most have been at temperatkir was sampled from the forecastle 10 m above sea level, via
coasts, where macroalgae have been shown to be a strofygon tubing to a pump, pressure gauge, mass flow controller
source (Carpenter et al., 1999; Furneaux et al., 2010; Huangnd data logger below the bow. The flow rate was regularly
et al., 2010a). At one such location in Ireland, a link was checked with a flow meter on inlets of the Markes sorbent
shown between iodocarbons, 10 and new particle bursts, atube (halocarbons) and the denuder tubefid AIC). These
low tide when macroalgae were exposed (Allen et al., 1999were deployed for 40 min at a flow rate of 25 mL minand
Carpenter et al., 1999), lhas been proposed as the most 3 h at the same time each day at a rate of 500 mL-hine-
important precursor for marine coastal new particle forma-spectively.
tion (Huang et al., 2010b; Mahajan et al., 2011; McFiggans Ice cores were collected with a 1 m long, 9cm diame-
et al., 2004; Saiz-Lopez and Plane, 2004; Saiz-Lopez et alter corer, within 50 m of the ship. Ice was between 80 and
2007). HOI and ICI (collectively termed Activated lodine 180 cm thick, and the cores represent the full thickness of the
Compounds, AIC) were also detected by Huang and Hoff-ice, except the first on 5 February that was only the top me-
man (2009) with maximum concentrations of 30 pptv at nighttre of thicker ice. Cores were immediately cut into 10 cm or
and 6 pptv during the day. 3cm long sections in order that vertical profiles of concen-
If diatoms capable of accumulating iodide and releasingtrations could be ascertained. The middle of each section was
iodine compounds reside in Southern Ocean sea ice, and theib-sampled with a custom stainless steel mini-corer with di-
sea ice is porous enough to allow trace gases to escape, theyensions to match those of a 100 mL gas-tight syringe. It is
would be a source of atmospheric iodine oxides. In this paperalways a problem to retain the brine when sampling a sea
we investigate several steps in this process: ice core, we relied on speed. Each mini-core was immedi-
ately transferred to a syringe and left to melt at room temper-
a. Organic and inorganic iodine compounds were mea-ature in the dark (we acknowledge cell rupture could have
sured. occurred during ice melt). This method limited escape of the
compounds as much as possible before the ice was placed in
b. Chlorophylla (Chl a) was measured, as an indication the syringe. Four ice cores were collected during the cam-
of algae distribution in the ice. paign, from which a total of 43 sub-samples were analysed.

Saturation anomalies, flux calculations and modelling
were used to interpret the measurements.
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Table 1. Measurements made during cruise ES033. See Sect. 2.2

for details of apparatus.

Analyte Medium Technique

I, HOland ICI  Air Denuder tubes then GCMS

10 Air Mini-MAX-DOAS

Halocarbons Air, water and ice  GCMS

lodide Water and ice Cyclic voltammetry

lodate Water and ice Spectrophotometry

Chla Water and ice Fluorometry

Brine volume Ice Temperature and salinity
measurements

Particles Air Particle counter

Ozone Air Ozone monitor

Fig. 1. Cruise path of ES033 in the Southern Ocean and Weddell
Sea, and ice cover on 21 February 2011. Ice cores were collectedy
between 5 and 13 February. Between 19 and 22 February the ice
shelf experiment was set up close to Halley, where the ship was §
moored.

Diatom-rich ice (DRI) was collected on three occasionSgig 2 |ce floes broken by the ship's passage through sea ice of
— a small boat was used to collect ice samples where disthickness 0.2 m in the Weddell Sea, where diatom bands are clearly
colouration due to the presence of diatoms could clearly bejisible about 0.1 m below the surface of the ice.
seen (Fig. 2). The presence of ice algae was later confirmed
by microscopy. By leaning over the side of the boat, a total
of 12 gas-tight syringes were filled with ice using a stainlessGCMS at University of Mainz within 6 months. Two blanks
steel scoop, and left to melt in the dark at room temperatureof each were prepared in a similar manner to the sampling
The DRI samples were in contact with water from an adja-tubes, but without drawing any air through them: fresh ex-
cent lead. They contained a large proportion of brine, henceamples of all three tubes used to make a sample (1,3,5-
were assumed to be very porous. TMB coated brown borosilicate glass tube, the coated de-
Underway seawater (USW) was sampled from the ship’snuder tube, and the glass tube at the inlet to ensure a laminar
6 m depth supply, at irregular intervals during the campaign .flow) were used to create a blank; they were removed from
Samples were taken with a 100 mL gas-tight syringe directlythe freezer, polypropylene end-caps removed, connected to-
from the pump outlet on the ship. This ensured limited ex-gether with short sections of teflon tubing, and a polypropy-
posure to air. The water was run for a few minutes beforelene end-cap was placed over each end of the assembly; the

sampling, after which no bubbles were visible. assembly was carried to the front of the ship, and back again;
the three tubes were then disconnected, the polypropylene
2.2 Measurement methods end-caps were replaced over the end of each tube, sealed

with PTFE tape, and placed back in the freezer. They were
Volatile inorganic iodine was sampled using a coupledtransported to Mainz for analysis with the sample tubes, with
diffusion denuder system (Huang and Hoffman, 2009).results 0.93 and 1.16 pptv for blank hnd 0.16 and 0.25 pptv
Briefly, 1,3,5-trimethoxybenzene (1,3,5-TMB)-coated brown for blank AIC; mean blank values were subtracted from the
borosilicate glass (50cm lengthk 6 mm i.d.) tubes were values for atmospheric samples. Triplicate analyses on the
used for AIC, and-cyclodextrint?— («-CD/12°~)-coated =~ same atmospheric sample tube gave a standard deviation of
tubes further downstream fos.1A prior uncoated glass tube 12 % or less for AIC and 6 % or less for.[The limits of de-
(30cm lengthx 6 mm i.d.) generated laminar flow. The cou- tection of previous similar measurements for our 90 L sample
pled tubes were mounted vertically on the foremast 10 mvolume were 0.03 pptv for AIC, and 0.1 pptv far; Istudies
above sea level connected to a pump and mass flow corby Huang and Hoffman (2009) showed that linearity was bet-
troller. Air was sampled for 3h at a rate of 500 mL min ter than 2% for 4 and 5 % for AIC, and that collection effi-
around noon once each day whilst on the ship, but severatiency at our flow rate was better than 98 % fpahd 97 %
times a day during the ice shelf experiment (see Sect. 3.6)for AIC (their Figs. 2 and 3).
After sampling, tubes were sealed with polypropylene end- 10 was measured by a Multiple Axis (vertically scanning)
caps, transported and stored -aR0°C, and analysed by UV-visible Differential Optical Absorption Spectrometer
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(MAX-DOAS, Honninger and Platt, 2002). The miniature in- 45 - AIC and I, measurements during Weddell Sea Cruise 2009 35
strument (Hoffman-Heidelberg design) was mounted on the
bridge looking out of a window from 15 m above sea level.

It measured from 337 to 481 nm with a spectral resolution of 35
about 0.7 nm. IO was analysed from 409 to 474 nm by the ;|
WInDOAS program using various reference spectra near lo-

. . . 2.5
cal noon at 50 elevation. Median slant amounts during each

HOI+ ICI (pptv)
-
——
e
——
.
——
N
S
I, (pptv)

day with prolonged sunny periods were found, at elevation 2 2° ; { ' %# -1
angles of 4, 8°, 15° and 50. The 50 value was then sub- 151 . ! !
tracted from those at°48° and 15, and divided by differ- IS - -5,,}| . I
ences in air mass factors (AMFs) to derive vertical amounts. . - " "
Errors on slant columns given by the spectral fitting program ~ °® \_Y_}

mostly varied between 3 and810'2 molec cnt?, though a 00 0

25-Jan  30-Jan  04-Feb  09-Feb  14-Feb  19-Feb  24-Feb  01-Mar  06-Mar

few values are as large as ¥210'?molec cnt?. The stan- e

dard deviation of 10 slant columns at each elevation on
each day mostly varied between 3 and 602 molec cnT?, Fig. 3. Atmospheric AIC (HOI+ ICI, black diamonds) andl(red
though a few values are as large asx3D0?molec cnt2. squares) concentrations during the field campaign, measurements
Hence there is some consistency between the spectral fit arf4ere made on board the ship, except those denoted by the red
scatter of the points, except there are some occasional ouflownward-pointing bracket that were made on the Brunt Ice Shelf.
liers on some days, hence our decision to use daily rnedi_Each point denotes.a.S h sample, the mid-sampling time is shown.
; A Average values of triplicate samples are shown, error bars are 1 stan-
ans rather than daily means. Dividing by the mean AMF r€- 4ard deviation.
sults in an error on the individual vertical columns of 0.5
to 1x 102 moleccnT?. The number of elevation scans on
each day ranged from 4 to 48, with a mean value of 19. Itfilter papers were wrapped in aluminium foil and stored at
is unclear if the error in vertical column would reduce by —80°C on the ship for Chk analysis back in UK.
the averaging, but if so it would then be mostly less than Halocarbon analysis was carried out on the ship with a
0.2 x 10'2molec cnt2. Mixing ratios were then calculated Markes Unity thermal desorption unit and UltrA autosampler
assuming that all the 10 resided in the boundary layer overconnected to an Agilent gas chromatograph-mass spectrom-
the sea ice, i.e. assuming that the lifetime of the source cometer (GCMS). The GC was fitted with a 60 m capillary col-
pounds of 10 is long enough for them to be well mixed in umn (DB-VRX, J&W) and the MS operated in the electron
the boundary layer. Following Renfrew and King (2000), we impact ionization mode. Data acquisition was performed in
assumed a boundary layer of thickness 20D m. The de-  selected ion monitoring mode. Following desorption, com-
rived mixing ratios then take on an error proportional to this pounds were refocused on a cold trap aP@Qwhich was
range of thickness, i.e:25 %. then heated to 29TC to transfer the compounds into the GC
IO columns were also measured by SCIAMACHY using helium at a flow rate of 2 mL mirt. The GC oven was
(Schoenhardt et al., 2008) on board Envisat during the camheld at 36C for 5 min at the start of the run, then raised
paign. The technique measures the absorption by 10 of sunto 200°C over 10 min, held there for 2 min, then heated
light backscattered from the atmosphere with a UV-Vis-NIR rapidly to 240°C. In total 9 halocarbons were measured,
spectrometer. The stability of the space-borne spectromelisted in Table 2. Their limits of detection improved during
ter is necessarily much better than that of our ship-boardhe course of the campaign, but @kicould not be measured
MAX-DOAS, and the spectral analysis is very similar, but due to a contamination problem. Liquid calibration standards
the AMFs are much smaller when viewed from space. (Sigma) dissolved in methanol were prepared in the UK and
Melted ice and water samples for Ghliodide and iodate  kept at—20°C until being injected into pre-purged seawater
analysis were filtered through a 47 pm Whatman GF/F filterat the start and end of the campaigdt?. values for all cal-
paper, the filtered water was stored-a20°C on the ship  ibration curves were above 0.96. To extrapolate from water
and transported to UK for analysis. Water samples for halo-concentrations to mixing ratios in air, extraction efficiencies
carbon analysis were filtered through 47 um Whatman GF/Fof the halocarbons in water were calculated. The sensitivity
filter papers directly into a glass tube, in which the halocar-was monitored and accounted for during the campaign by
bons were extracted by purging for 10 min with nitrogen atinjecting each sample with a known concentration of deuter-
95 mL min~! onto a Markes sorbent tube; these purge ratesated 1-iodopropane and deuterated methyl iodide dissolved
were used successfully by Hughes et al. (2008, 2010) an¢h methanol, which was checked for contamination at regular
Hopkins et al. (2012); extraction efficiencies were measuredntervals. Measurement precision, determined by the range of
to be 1 for CH3I and C2H5I, 0.5 for CHBr3, 0.6 for other duplicate water samples, was between 1% and 14 %.
halocarbons; these were applied to all data cited below. The
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Table 2. Halocarbons measured by GCMS, showing mass/charge ratio, retention time, and limit of detection (LoD). There were 55 ice
samples, 37 water samples and 99 air samples. Results for ice and water samples are in pM, results for air samples are in pptv. The LoC
result is the LoD at the start of the campaign. Average and maximum values for ice and water samples are normalised to brine volume and
rationalised to salinity (see Sect. 3) — for comparison with their LoDs, the observed ice and water results are typically 1/8 the average and
maximum results reported here.

Compound  Mass/ Retention ~ Sample Limit of Average Maximum
charge time type detection
(minutes)
CHal 142 6.4 Ice 0.15 4.8 149
Water 0.15 0.4 14
Air 0.15 0.1 0.5
CoHsl 156 8.5 Ice 0.28 31 739
Water 0.28 1.2 6.5
Air 0.27 0.2 21
CHBr3 173 12.8 Ice 1.82 270 6850
Water 1.82 24 71
Air 0.89 3.3 41
CH,ICI 176 10.4 Ice 0.18 9.6 455
Water 0.18 0.2 11
Air 0.11 0.07 43
2-CgHyl 170 9.6 Ice 0.34 9.9 311
Water 0.34 0.4 11
Air 0.20 0.03 0.6
CHyIBr 222 11.9 Ice 0.12 6.3 406
Water 0.12 <LoD <LoD
Air 0.29 0.03 1.0
CHBr,CI 129 11.6 Ice 0.83 6.7 49
Water 0.83 0.9 34
Air 0.49 0.4 5.7
1-CgH7I 170 10.4 Ice 0.33 14 258
Water 0.33 0.9 2.9
Air 0.19 0.07 2.9
CH>Bro 174 10.0 Ice 0.77 22 1270
Water 0.77 2.6 9.6
Air 0.45 11 5.3

lodide (I") and iodate (IQ) concentrations were mea- trations were corrected for interference from phaeophytin-a
sured in UK within 9 months of the campaign. The water by measuring fluorescence before and after acidification with
samples were frozen in plastic tubes, and transported anél % HCI. Calibration used a pure Chstandard (Chk from
stored at-20°C. lodide concentrations were measured usingAnacystis nidulans — 1 mg diluted in 90 % buffered acetone,
cathodic stripping square wave voltammetry (Luther et al.,Sigma-Aldrich), whose concentration was determined spec-
1988). An Eco-chemie pAutolab Type Il voltammeter was trophotometrically.
used with an IME 663 control unit and a Metrohm 663 VA  Particles were counted with two Grimm 5.401 particle
hanging mercury drop electrode. lodate concentrations wereounters either of which could be attached to a differential
measured spectrophotometrically (Jickells et al., 1988). mobility analyser to give the size spectrum. The lower cut-

Chl—a was extracted in darkness af@ in 10mL of  off of the particle counters when operated alone was 5nm
90 % acetone buffered with MgGOIt was measured using diameter. Flow rates were 3 L mif for the sheath inlet and
a Turner AU-10 fluorometer with red-sensitive photomulti- 3 L min~! for the sampling tubes, organised to be isokinetic.
plier (10-AU-600), blue lamp (10-089), blue excitation filter Sampling efficiencies depend on the minimum bend radius
(340-500 nm) and red emission filter 665nm). Concen- of the tubing in the installation; previous calibrations showed

www.atmos-chem-phys.net/12/11229/2012/ Atmos. Chem. Phys., 12, 1122244 2012
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sampling efficiencies of unity for this style of installation up  Flux was calculated as detailed in Johnson (2010). Briefly,
to 1000 nm diameter. The analyser had 44 size bins startinghe equationf = K\ (Ca/H — Cy) was used wheré' is the
at 9.8 nm mean diameter, with widths of 10 % of their value flux, K, is the transfer velocity, and other terms as in Eq. (3).
up to 100 nm, rising to 15 % at 875 nm (see Table S3). Ozondransfer velocities depend on wind speed, salinity and water
was measured using a 2B Technology dual beam 205 ozongemperature. Fluxes were salinity rationalised instead of the
analyser. They were each mounted in the ship’s conningnore accurate brine-volume corrected (see Sect. 3), however
tower with inlet on its starboard side, well above the deck.the mean difference between the two is less than 10 %.
Inlets were via inverted funnels to prevent water ingress. To calculate the flux of iodine necessary to reproduce ob-
Wind speed and direction were recorded with a Kestrelserved $ and 10 we used the one-dimensional photochem-
4500 when the ship was sailing, compensated for ship speedtry and transport Tropospheric Halogen Chemistry Model
and heading from the ship’s automated logger. The Kestre(THAMO) (Saiz-Lopez et al., 2008). It was run at a ver-
sensor was located on a small elevated deck just below thécal resolution of 1 m, up to a boundary layer height of
conning tower. When the ship was moored, wind speed an@00 m (Renfrew and King, 2000). The vertical transport in
direction were from Halley, 12 km to the SSW. the model was constrained using wind shear calculated from
In the ice cores, the temperature (handheld temperaturebserved wind speed, and a surface roughness length of
probe) and bulk salinity (Hach sensION5 ISFET conductivity 5 x 10-°m set according to long-term observations at Hal-
meter with internal temperature correction, accuracy 0.1 psu)ey (King and Anderson, 1994). The eddy diffusion coeffi-
of the ice were measured. From them, brine volume frac-cient () thereby increased fromx8102 cméslat1mto a
tion Vj, (%0) was calculated using the empirical equations of maximum of 32 x 10° cn? s~1 at 32 m. In addition to photo-
Frankenstein and Garner (1967): chemical, gas-phase and heterogeneous reactions, THAMO
treats the formation of new iodine oxide particles using coag-
Vb=>5i((—45.917/0)+0.930) when —8.2<¢> —2.0°C (1)  ulation of iodine oxides and uptake of condensable vapours
(Mahajan et al., 2010).

Vo=3S;((—43.975/6)+1.189 when—229<6>—-8.2°C (2)
. S ) ] 3 Results
wheres; is bulk salinity in psu, and is temperature ifiC.

] 3.1 Inorganic iodine compounds
2.3 Ice shelf experiment

) _ AIC and | mixing ratios remained reasonably constant with
This experiment was set up about 20m from the edge okjme (Fig. 3) apart from separate peaks in single samples of
the ice shelf. Denuder tubes were deployed to sample aigach during the ice shelf experiment. Concentrations of in-
1m above the snow. A nearby tent housed a battery angqanic jodine (Table 3) are two orders of magnitude larger
pump, connected to the denuder tubes via Teflon tubingihan those of iodocarbons (Table 2). Together with their
Near-continuous air samples were taken for 3 days. Air atych shorter photolytic lifetimes, this suggests that inor-

the same height was also sampled for halocarbons at 3h inyanic jodine is the dominant source of 10 in the atmosphere
tervals by drawing air through a sorbent tube connected to &pove the Weddell Sea.

gas-tight syringe with a piece of Tygon tubing. Halocarbons

in interstitial air in the snow were also measured, using a3.2 |0 mixing ratios

Teflon-lined plastic tube, 0.6 m long, 0.1 m diameter, pushed

20 cm into the snow with a valve at the top, through which Figures 4 and 5 show IO measured by the ship-board MAX-
air was drawn with a gas-tight syringe. Syringes were capped>OAS and the satellite-based SCIAMACHY. These are large

and taken to the ship for analysis. amounts, emphasising the nature of the Weddell Sea as an
iodine hotspot. Vertical columns from the ship were up to
2.4 Saturation anomalies, flux calculations and 3.8 x 102 moleccnt?, somewhat larger than the satellite
modelling of data measurements of up todlx 102 molec cnT?2, probably be-

) ) . cause (a) the ship was closer to the likely sources, and (b)
Saturation anomalies, defined as the departure from the &xne viewing geometries were different — over open water the
pected equilibrium between trace gas concentration in Surgateliite instrument struggles to see sunlight scattered from
face seawater and in the atmosphere above, were calculatgfe |owest level of the atmosphere where much of the 10 is

via Eq. (3) (Sander, 1999): located, and the signal over open water is much smaller than
. . over ice so enhanced IO above open water leads may only be
Saturation anomali) = 100x (Cw — Ca/ H)/(Ca/ H) (3) partly seen. Figures 5 and 6 reveal striking similarity between

whereCyy is the concentration in seawatéf, in the atmo- 10 and average ice area in the Weddell Sea.

sphere, and{ is the Henry’s law constant.
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Table 3. Measurements other than halocarbons during the Weddell Sea cruise.

Measurement Number of samples LoD Average Max Min
I in air (pptv) 24x 3 h 0.095 5.8 309 39
AIC in air (pptv) 24x3h 0.029 1.9 3.8 0.7
Chlainice (ugr?) 22 0.01 227 9.03 0.004
Chlainwater (ugtl) 4 001 0.14 0.22 0.05
lodide in ice (nM) 10 0.08 10.0 38.0 3.9
lodide in water (nM) 2 0.08 61.3 976 25.1
lodate in ice (nM) 10 30 19.1 50.0 5.5
lodate in water (nM) 2 30 358 364 351
10 in air (pptv) 36 days 0.3 51 6.6 2.7
Particles in air (cm3)  every 7 min (spectra) & 1 min (total) 5 - %0 5

s BREVEN

IO molec em?

>
- 1 (L, 18107
16102

1.4 10'%

10 column (x 10'2 molec cm?)
10 mixing ratio (pptv)

1.210%

0 0 P .I I : 1.0 10
1Feb 10 Feb 00:00GMT 19 Feb 28 Feb 9 Mar
Fig. 4. 10 vertical column densities above the sea ice of the Wed- GOHUE

dell Sea, and their equivalent mixing ratios assuming the 10 is well
mixed within a boundary layer of height 200m (see Sect. 2.2).
These values are medians of each sunny day or part-day.

Halley i

3.3 Halocarbons, Chlorophylla and brine volume

As we assume that the biological and chemical activity of
interest is occurring in the liquid phase of sea ice, values re- :
ported for bulk ice samples have been normalised to sea ice
brine volume, and rationalised to salinity (multiplied by the
ratio of sea water to brine salinities), via Eq. (4):

R[x]orine = (([xImeasured Vb)/ Sbrine) Sref (4) ; !
70 65 60 55 -50 -45 40 -35 -30 -25 -20 -15 -0 -5 0

where R[x]prine is the normalised and salinity rationalised Longitude
concentration of compound, [x]measurediS the concentra-
tion of analytex measured in the bulk ice samplg, is brine
volume fraction,Sprine is the salinity of the brine anfes is

the salinity of the underlying seawater (33 %o). For our sam-
ples whereSyine is Not measured, it is determined by dividing
the measured bulk salinity bi,, so that Eq. (4) becomes:

Latitude

Fig. 5. Average 10 vertical column densities over Antarctica mea-
sured by satellite from 25 January to 7 March 2009. The highest
amounts of 10 are observed over the ice covered Weddell Sea.

sea water and seaice, is due solely to chemical and biological
(5)  Pprocesses in the ice.

Original values of x |measuredre important for comparison
In this way, concentration or dilution effects within and be- with LoD in Table 2. As the Sbulk was typically between 2
tween cores have been fully accounted for, so that any variand 10 %o, these measured values were typically 3 to 15 times
ation between and within cores, and any difference betweersmaller than the salinity rationalised values quoted.

R[x]brine = [xImeasured: Sref/ Sbulk
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An overview of halocarbon concentrations across all sam- ° oo ofoo noo®ofo
ples (water, air, ice) is given in Table 2. Halocarbon profiles g ~ | g,
from the 2 ice cores with Chi data are shown in Fig. 7.Chl % & g
a data is only available for a limited number of samples—two  ~ = oo o 9% 0o 6 o0 0 o o o
ice cores, each comprising 8 discrete sections, contained be- = £ - g 1«
tween 0.1 and 101 pgi1! Chla. Results, also salinity ratio- ?gj 8 g }
nalised, are shown with halocarbon concentrations in Fig. 7. = o /™ <« « « < < < _ “ 44«4
Note that the core of 13 February had much largerdhian - g . 2 | m
the core of 5 February. The presence of diatoms in the ice was = } = =
confirmed via microscopy, small pennate diatoms dominated © - Emm mEmm o === " -
the community. Chk concentrations in 3 samples of DRI - 2 . .
were 11, 32 and 6.6 uglt, much higher than that of the un- = W . . * .
derlying seawater, where Chlconcentrations ranged from =~ = -+ e+ s s o+ o |+ ° hd

ooooooooooooooooooo

0.05 to 0.22 ug £* (average 0.14 pgtl) across 4 samples. T e 7T A
Typical Chla concentrations in Southern Ocean open waters
range from 0.05 to 1.5 ugt! (Arrigo et al., 1998; El-Sayed, Fig. 7. Vertical profiles of Chla and halocarbons in sea ice on 5
2005) but values of up to 170 ugt were reported during February (left panel) and 13 February (right panel). Values have
a plankton bloom in the Weddell sea (El-Sayed, 1971). Inbeen normalised to brine volume and salinity rationalised as de-
Antarctic sea ice the Cht concentration is normally less s:cribed in text. CHIBr concentrations were 406 pM_ in the top sec-
than 10 ug 1 (Horner et al., 1992) but diatoms can lead to tion of the core of 13 F_ebruary and below the LoD in all other sam-
concentrations above 100 pgjr_(Garrison etal., 2003). ples. Note the change in scale. The colre.of 13 February had a diatom
. . band about 5 cm below the surface, similar to that of Fig. 2.
The core of 5 February shows a peak in mono-iodocarbon
concentrations close to the surface of the ice and a similar
profile is seen for CHBCIl. CHBr3 and CHICI concentra-
tions show a similar profile to each other, with enhanced con-inate throughout the ice thickness, each containing different
centrations from 60—70 cm, and @BF;, concentrations peak amounts of Chl, so a comparison of the vertical profiles
at both of these depths. A peak in Ghis seen close to the must be undertaken with caution.
surface of the ice, and a much larger peak at 50-60 cm depth. Concentrations of halocarbons measured in USW samples
The core of 13 February shows an enhancement in mosare shown with atmospheric mixing ratios in Fig. 8. Most
compounds close to the surface. This core was collected ironcentrations decreased as the summer progressed. Note
a different way to the others — a small boat was used to gairthat the ship was moving through variable ice cover rather
access to an ice floe where a near-surface diatom band wakan decreasing ice cover — even on days with periods of 8/10
visible from the side. Despite enhanced iodocarbon concener more sea ice, there were alternating periods of 1/10.
trations there, the Chl was not enhanced. This suggests ei- Halocarbons were universally enhanced in sea ice rela-
ther that the diatoms had died, or that horizontal migration oftive to the underlying water (Table 2 and Fig. S1). Mann-
brine through the ice from its edge to the area sampled mayVhitney statistical analysis showed that there is no statistical
have occurred (brine volume in this core ranged from 7 todifference between the concentrations of any of the iodocar-
15 %, well above the percolation threshold for brine migra-bons in ice and in DRI (p-values 0.32 to 0.49), but both
tion, Golden et al., 1998), or that the iodocarbons were notice and DRI contain much more iodocarbon than water (p-
biogenic in origin. Note that different algal species will dom- values< 0.0001 to 0.0044).
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Fig. 8. Halocarbon concentrations in sea water samples (black diamonds), taken from the ship’s USW supply, and mixing ratios in air (red
lines). CHIBr was not present above the LoD. Air samples were taken from the Brunt Ice Shelf during the period denoted by the red
downward-pointing bracket, black crosses indicate periods when sea ice varied between 1/10 and 10/10 around the ship.

The brine volume of the ice taken from ice cores rangedonly core where brine volume was less than 5 %, the thresh-
from 1.8 to 28 % (average 11.8 %) and from diatom-rich ice old at which the brine channels close off to form isolated
samples from 19 to 29 % (average 25 %). Brine volumes ofpockets at-5°C (Golden et al., 1998).
the cores of Fig. 7 are listed in Table 4. The core of 5 Febru-
ary, where only the first 1 m of much thicker ice could be
retrieved due to a temporary problem with the corer, was the
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Riodide (nM) Riodate (M) total Rodine (M) iodide / iodate Rechl a (ug/) Table 4.Brine volumes in the cores of Fig. 7.
0 00 200 o0 200 400 0 200 200 0 1 2.0 50 100
' . n o o ‘ A ‘ Date 5 February 13 February
R . . X 0o A Depth (cm)  Brine volume (%)  Brine volume (%)
£ -2
£ ¢ ' o A 5 0.3 9.3
§a° i 0 A 15 1.8 7.0
2l ' 0 ¢ A 25 5.0 9.7
al ! I 0 . A 35 7.9 11.2
0 ¢ L o ¢ A 55 3.6 14.8
wl ? [ ] 0 ) A 45 — 8.8
65 3.4 9.2
Fig. 9. lodide, iodate and Cht concentrations in the ice core of 75 5.0 11.6
13 March. Values have been normalised to brine volume and ratio- 85 6.6 -

nalised to salinity. Total iodine (iodide iodate) and iodide/iodate
ratios are also shown, except for the near-surface ratio where iodate

was close to zero. . L . .
previously observed in incubations of marine aggregate ma-

terial (Hughes et al., 2012). Such severe depletion implies a

very active iodine chemistry within the sea-ice, about which
3.4 lodide and iodate very little is known. It is tempting to speculate that such ac-

tive iodine cycling might also lead to significant volatilisation
Selected samples were analysed for iodide and iodate corpf iodine from the ice.
centrations: one ice core (13 February, Fig. 9) comprising 8 Both iodocarbons and iodide/iodate ratio are thought to be
samples at various depths, plus four DRI and a sample of unenhanced by biological activity. Despite Ghbeing a poor
derlying seawater (Table 3, plus Table S4 for more details)indicator of the abundance of species which have an active
In seawater, the iodide concentration wastZ5nM and the  jodine metabolism, it is interesting that both Gtdnd the io-
iodate concentration was 36410 nM — similar to those ob-  dide/iodate ratio are enhanced in the same area of the core in
served previously in the Weddell Sea (Bluhm et al., 2011).which both were measured. The enhancement in halocarbons
In the ice core (normalised for brine volume and salinity, close to the surface of the ice may be halocarbon production
see Sect. 3.3), iodate concentrations at 15 and 25cm depty surface diatom communities as discussed previously, or
were similar to those in the seawater, but substantially dephotochemical production, or by a reaction gfalith organ-
pleted elsewhere with no clear pattern with depth. lodideics. Diatoms can occur at gap layers near the surface (Fig. 2)
concentrations were similar to the underlying seawater, withas well as near the base. As any influence on the iodide/iodate
some enhancement at the surface and at 65 cm depth. The igatio or halocarbon production will be species dependent, it
dide distribution hints at a C-shaped profile, which has beeris probably not surprising that they do not peak simultane-
previously observed for compounds produced by diatoms irously, as different species will be present at different levels
Southern Ocean sea ice, where biological activity is greatesinh the ice.
near the surface and the base of the ice (Thomas and Dieck-
mann, 2002). The ratio of iodide to iodate provides some evi-3.5 Particles
dence for conversion of iodate to iodide, particularly towards
the bottom of the ice core where Ghlevels are highest. This A previous field campaign in the Weddell Sea along a similar
is consistent with biologically mediated reduction of iodate path found increased new particle formation in the sea ice
to iodide, as previously observed in diatom cultures (Chancezone of the Weddell Sea (Davison et al., 1996), but no clear
etal., 2007; Bluhm et al., 2010). correlation to the dimethyl sulphide that was then assumed

At all ice-core depths except 15 and 25cm, total iodideto control new particle bursts.

plus iodate is depleted by 50 % or more relative to the under- During the current campaign, after removal of periods of
lying seawater, indicating a missing iodine reservoir compa-possible contamination from the ship’s smoke, open aerosol
rable to that identified in diatom culture experiments (Chancesize spectra, where smaller size bins contains larger counts,
et al., 2007; Bluhm et al., 2010). This missing iodine could were observed on nine days. Open spectra are strongly sug-
be in the particulate or non-volatile organic phase, or itgestive of new particle formation at a diameter smaller than
could have been lost from the brine as a volatile organicthe 9 nm minimum observed by our DMA system, followed
or inorganic species. In the DRI, inorganic iodine depletion by growth to larger diameters. In general, the open spectra
was even more pronounced, with iodide concentrations ofwvere observed as the ship moved through sea ice. Figure 10
194+ 10nM in one sample and below the limit of detection shows an example from 13 February, where particles grow
in the others, and iodate concentrations below the limit ofinto the range> 9nm at 23:30, followed by growth over
detection in all samples. Such a large loss of iodate has beeB0 min to size 20 to 30 nm as expected from condensation
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and coagulation. Before and after 23:30 the spectra hadig. 11. Atmospheric $ (top panel) and iodocarbon (bottom panel)
closed features, with smaller concentrations at 15nm tharoncentrations with corresponding wind direction. Ozone concen-
25nm, and at 23:30 there was a 10-fold increase in particletration was between 20 and 25 ppbv throughout the period. Back
at 9.8nm. Hence we specu|ate that new partic|e formatiorirajectories ending at the times of the letters are shown in Fig. 12.
occurred then at smaller diameters, and the evolution in thd3ack trajectories for the 12 h previous(&) and(c) were from sim-
spectra in Fig. 10 shows their growth. ilar directions to those dfa) and(c).

Some other examples are shown in Fig. S2, which also

illustrate typical background and smoke-contaminated datatirne of I is a few seconds at noon, the source had to be

A comprehens!ve descrlptlon. anq analysis of all the part'deextremely close — in the ice edge or the snow. Back trajec-
data must await a future publication.

tories (Fig. 12) agree with the wind direction data (Fig. 11).
There are no pulses in ozone that would cause a burst in |
due to an increase in reaction of iodide with ozone in seawa-
Average mixing ratios in air of Ck, CoHsl, CHBr3, ter, rather short ozone depletion events are seen as would be

CH,ICI, CHBI,CI, and CHBr, were 0.09, 0.13, 0.89, 0.11, ©xpected from such high concentrations of atmospheric io-

0.48, and 0.87 pptv respectively (see Fig. 8) — broadly simi-dine. The different time resolutions of ozone and inorganic

lar to those observed over the sea ice. 1- angB-Cwere iodine measurements, as well as the distance between sam-

only observed above the limit of detection twice during this Pling locations (the ozone monitor was on the ship), makes

period (at< 0.3 pptv), and CHIBr only once (at 0.06 pptv). it difficult to determine the influence of inorganic iodine on

Figure 11 shows AIC was about 2 pptv, apatbncentrations ~ 9ZOne.

remained constant at about 8 pptv with the exception of the Halocarbon concentrations in interstitial air in the snow

measurement of 31 pptv on 20 February. Note that there igfe shown in Fig. 13. C#l and GHsl had a diurnal profile

no lengthy night-time at this date at Halley, only a period of With values of up to 0.5 and 1 pptv respectively — enhanced

twilight, centred at about 02:00 GMT when the sun is just pe-relative to those in air above. This suggests the snow is a

low the horizon. Local noon is at about 14:00 GMT whereasSource of these compounds, and the higher concentrations at

the measurement of 31 pptv was at about 10:00 GMT, so thidight are due to the lower solar flux extending their lifetimes.

large amount of4 was not associated with diurnal variation. These measurements are in good agreement with those of
Comparison of4 and iodocarbon mixing ratios to wind di- Swanson et al. (2007), who measured enhanced concentra-

rection (Fig. 11) shows a maximum ip $oon after the wind tions of CHl and GHsl in air in the snow at South Pole

veered across the south-west, and a maximum in iodocarbofompared to the atmosphere above. Bromocarbon concen-

during and after the wind veered back again across the soutHtations are similar in air in the snow to the air above, and

west, thereafter remaining enhanced. It is also possible thagoncentrations of other halocarbons were below the detec-

simultaneous maxima during these periods of veering windgion limit.

were missed, as halocarbon samples were taken for 10 min

once every 3 h, whereas $amples were near-continuous for

consecutive 3 h periods. Figure 1 shows that the ice edge ex-

tended north and south of the Brunt Ice Shelf. As the life-

3.6 Air sampling on the Brunt Ice Shelf
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3.7 Saturation anomalies and flux calculations

Saturation anomalies are given in Table S5 and calculatedfig. 13. lodocarbon concentrations measuiedlin overlying air
fluxes in Table S6. Average and range of fluxes were 0_6§nd (b) by drawing air through a Teflon-lined tube pushed 20cm
(_01 to 38), 1.5 %01 to 28),—13 (_15 to 29), 0.7 into the snowpack, on the Brunt Ice Shelf.

(—0.1 to 4.8) and 1.0 (0 to 3.8) nmolTh day ! for CHal,
CoHsl, CHaICI, 2-C3H71 and 1-GHyI respectively. CHIBr
concentrations were below detection limit in most air and wa-
ter samples. Average and range of bromocarbon fluxes were

—6.6 (-130 to0 110),~5.4 (-62 t0 4.6) and-4.2 (-39 10 pnotolysis rates (&) calculated for the location of Hal-
13) nmol nT? day™* for CHBrs, CHBr,Cl and CHBr2 re-  |ey at noon in February (Z. Buys, personal communication,
spectively. A negative flux represents a flux from atmosphere12) are 0.85, 2 x 1072, 4x 107, 4x 107, 1.3 x 1075,

to sea. The predominant trend is for iodocarbons to be req 2, 105, 8% 104 for I, ICI, CHsl, CoHsl, C3H-I, and
leased from the sea and bromocarbons to be deposited.  CH,, respectively. The respective lifetimes are then 1.2 s,

Flux calculations were also carried out from halocarbongy s 29 days, 29 days, 9 days, 22 h and 20 min respectively.
concentrations in the uppermost sections of ice cores or fronfhe resultant iodine atoms then react with ozone to form 10.
diatom rich ice. As the ice contained such a large proportionppotolysis of 10 to | is rapid (0.2°3), so continuous recy-
of brine, the brine in the channels will replenish a layer of ¢|ing occurs between 10 and I.
brine on the surface of the ice which will be in contact with  The THAMO model was run to answer the following ques-
the atmosphere. Halocarbon concentrations in the brine cafgns:
therefore be treated as effective aqueous phase concentra-
tions, and the usual empirical expressions (e.g. Nightingale et @. What concentrations of 1O result from the halocarbon
al., 2000) can be used to calculate brine — atmosphere fluxes. ~ fluxes in Sect. 3.7?

This is a method for calculating sea — air fluxes in open wa-
ter, which aims to arrive at a first-order estimate, recognizing
that the exchange between brine-skim and atmosphere might
be much smaller than such open-water exchange.

Total iodine atom flux to the atmosphere was also calcu-
lated, assuming steady state concentrations for atmospheriss CHyl, was not measured during this field campaign, the
halocarbons, so that the sum of halocarbon fluxes from iceCH,l5 flux previously measured close to Southern Ocean sea
and water is equal to the iodine atom flux to the atmosphereice by a similar technique was used (Carpenter et al., 2007).
As can be seen from Fig. 14, there is potential for sea iceCHyl, is the most labile of the halocarbons, being photol-
brine to provide a very much larger flux of iodine to the at- ysed in about 20 min at this latitude at noon, and thus will
mosphere. potentially contribute substantially to the iodine atom flux.

With THAMO, the maximum IO concentration resulting
from halocarbon fluxes alone was 0.035 pptv, much less than
observed. Tuning THAMO to reproduce the observed verti-
cal column of 10 demands aa flux equivalent to 4x 100

3.8 Modelling results — contribution of reactive iodine
species to 10 budget

b. What atmospheric mixing ratios of Wwould be neces-
sary to reproduce the measured vertical column of 10
(2.5 x 10'2 molec cn?), which if evenly distributed
over 200 m would be 5 pptv of I0?

Atmos. Chem. Phys., 12, 112291244 2012 www.atmos-chem-phys.net/12/11229/2012/
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Diameter (nm)

atomcnm? s~1, which is larger but of similar magnitude to
previous flux estimates (2ao 10° atoment? s71 to ac-
count for 10 and particle formation observed at Mace Head
(McFiggans et al., 2004)])21010 atoment2s1toaccount Fig. 15. THAMO model results after tuning the flux op labove
for 10 observed in Antarctica, Saiz-Lopez et al., 2008). ~ the measured halocarbon fluxes to reproduce measgitaytime

However, tuning THAMO to reproduce the mean c)bservednear-_surface mixing ra_tlo of 8.5 pptv. Top left: vertical profile @_f I
I> of 8.5pptv results in 170 pptv of 10 equally distributed gzgszlt?/h(;vXjeI:)tg(zl) ';’;f’]:l'g)jt Iloo' nl?ottom left: spectrum of particle
over 200 m, which is far larger than observed, whereas the '
new particles that result (Fig. 15) are only a little larger
than those observed (Fig. 10 — note different colour scheme).

derstanding of atmospheric iodine chemistry. above. .
Large amounts of atmospheric IO were also observed

throughout the campaign, both from the ship and by satellite.

By comparison, much smaller amounts of iodocarbons were
4 Discussion observed in the atmosphere, with an average sum totalling

only about 0.5 pptv. However, iodocarbons were strongly en-
The measurements of iodine compounds shown here confirrhanced in the sea ice brine and DRI (average enhancement
the Weddell Sea as an iodine hotspot, as earlier suggestadtios between 12 and 48), suggesting a strong local source
by Saiz-Lopez et al. (2007) and Sethardt et al. (2008). A within the sea ice. In ice cores, iodocarbons mostly peaked
unique feature of this campaign was the simultaneous meaelose to the surface, consistent with much of the local biolog-
surement of 4 and AIC in the sea ice zone, and observa- ical activity (Fig. 2). These measurements were made in the
tions of high concentrations of both (averaging 10 and 2 pptwarm summer with an average ice temperature-tf8°C,
respectively). The mixing ratios of lwere similar to mea- at which brine channels would be interconnected so that the
surements in mid-latitude coastal locations, where macroalenhanced iodocarbons could certainly reach the atmosphere.
gae beds exposed at low tide are a known source of iodineHowever, flux calculations and model runs show that the re-
over 20 pptv of $ was observed during the day at Mace Head sultant flux converted to iodine atoms is over 100 times too
(Saiz-Lopez and Plane, 2004; Huang et al., 2010a). But thismall to explain the observed amounts of 10.
is the first time that such high Iconcentrations have been  What, then, is the mechanism of iodine release in the sea
seen away from macroalgae beds. ice zone? Although production of halocarbons by diatoms

The porosity of sea ice increases exponentially abovehas been shown to be connected to reduction of reactive

—5°C (Cox and Weeks, 1988). The average ice temperaoxygen species produced during cell metabolic processes
ture during this campaign wasl.8°C. This ice has survived (Collén et al., 1994), we have shown here that iodocarbons
much of the melt season and brine has had chance to draimre in general unimportant — instead it is more likely that the
therefore its salinity is low and its melting point is close to mechanism involvesl
0°C. Thus, in the diatom-rich ice samples and most of the This is consistent with the abiotic mechanism proposed by
cores, the brine volume was such that the channels shoul®'Driscoll et al. (2006) from frozen sea water — see Intro-
be interconnected. Brine migration within the channels mayduction. It is also consistent with the suggestion by Saiz-
then allow transport of dissolved ions and trace gases, prokopez and Boxe (2008) that accumulation of by sea

o 5 10 15 20
Time (Hours)
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ice algae is followed by-l release via the reaction HO} observed 10 gives rise to modelled particle formation that
I+ HT — 124+ H20. Although significant diffusion of halo- agrees well with the observed new particles, the modefled |
genated compounds occurs via brine in channels (Loose ds far smaller than the observegl Together with the large
al., 2011; Shaw et al., 2011), the cold temperatures in springlepletion in iodide+ iodate observed in the sea ice brine,
when brine channels are often not connected would act to inthis suggests there is an unidentified iodine source, presum-
hibit diffusion. Here we mostly sampled older more porous ably inorganic, or there are major gaps in our understanding
ice which had partially melted, so if the above suggestionof iodine chemistry.

were true, we could be seeing the end of a storage and release

cycle. The high atmospheric levels gfdnd 10, the enhanced . . .

iodocarbon concentrations in the sea ice brine, the low to-SUPPIémentary material refated to this article is

tal iodine in DRI, and the new particle formation when sail- available online at: http:/www.atmos-chem-phys.net/12/
ing through the ice, all support this hypothesis. The lack of 11229/2012/acp-12-11229-2012-supplement. pdf
downward flushing or upward volatilisation in spring would

also support this hypothesis, unless the iodine were converted

to an unreactive form.
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