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Photochemical release of iodine from snow has been suggested as a source of reactive

iodine to the Arctic atmosphere, however understanding of the underlying mechanism

and potential source strength is hindered by a lack of measurements of iodine

concentration and speciation in snow. Moreover, the origin of snow iodine is also

unknown. Here, we report iodine speciation measurements in Arctic snow on sea ice at

a range of snow depths from 177 samples, representing 80 sampling events, from

December 2019 to October 2020 collected during the Multidisciplinary drifting

Observatory for the Study of Arctic Climate (MOSAiC) expedition. We demonstrate that
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while there appears to be a source of iodine, in particular iodate, to the base of the snow

over first year ice, this does not influence iodine concentration in the surface snow. There

is instead evidence of a top-down source of iodine, potentially from iodine-enriched

marine aerosol, as well as some evidence for episodic influx of iodate with dust. The

potential for photochemical release of molecular iodine (I2) from iodide in surface snow

was investigated, and it was demonstrated that this could provide an iodine emission

flux to the Arctic atmosphere comparable to oceanic fluxes. Knowledge of the

prevalence and speciation of iodine in Arctic snow will contribute to better

understanding of its contribution to observed concentrations of polar iodine oxide (IO),

and hence its contribution to the depletion of tropospheric ozone in the Arctic.

Introduction
The inuence of halogens on polar atmospheres

Ozone (O3) in the Arctic troposphere can reduce to near-zero concentrations

during springtime due to photochemical cycling of reactive halogens. These

observations have been called ozone depletion events (ODEs) due to their episodic

nature observed at Arctic coastal stations.1 Over the Arctic Ocean, the depletion of

tropospheric ozone is widespread and can last for prolonged periods.2,3 The

impact of this ozone depletion is hemispheric-wide, as the export of ozone-poor

air masses to lower latitudes can reduce background ozone over North America

and Europe.4 In addition to their impact on ozone, halogens oxidise atmospheric

elemental mercury to more soluble forms, leading to mercury deposition and

increased bioavailability.5 Satellite data show that halogen monoxides BrO and IO

are widespread in the Antarctic troposphere,6 and BrO in the Arctic troposphere,7

thus halogen chemistry exerts a signicant inuence on the Arctic and Antarctic

regions.

ODEs were rst observed in the 1980s,8,9 and linked to halogens by Barrie et al.

(1988) from a study at Alert, Canada.10 In the transition from winter to spring,

depleted ozone concentrations were observed to coincide with increased atmo-

spheric bromine (Br). It is now well established that reactive bromine contributes

to the chemical destruction of ozone through a mechanism initiated by sea-salt-

enriched snow, which can become airborne in wind-blowing snow events. These

events liberate the bromine and aerosol-enriched snow, resulting in the forma-

tion and subsequent release of gas phase reactive bromine species.11–15 More

recently, the importance of reactive iodine species in the depletion of ozone over

the Arctic Ocean has been revealed.16

The mechanism of halogen-driven tropospheric ozone destruction is initiated

by photolysis of precursor dihalogen molecules (X2, where X= Br or I) (reaction 1,

labelled R1). This leads to production of halogen atoms (X) which rapidly react

with O3 (R2) to form bromine or iodine oxide radicals (XO). XO can react with

hydroperoxyl (HO2) (R3) or nitrogen dioxide (NO2) (R4) to form HOX and XONO2,

which are photolytically broken down17 to reform X atoms (R5 and R6) or enter

aerosol where they undergo condensed phase reactions. Aqueous HOX reacts with

bromide (Br−), chloride (Cl−) and iodide (I−) (R7) to produce volatile interhalogen

(e.g. BrCl) or dihalogen molecules (Br2 and I2) which are re-released to the gas

phase to participate in the photochemical cycle. No O3 is produced in this cycle,

thus catalytic destruction of ozone occurs. XO cross reactions also occur, to
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regenerate dihalogens (R8), or halogen radicals (R9 and R10). The combined

impact of BrO and IO on ozone loss is greater than the sum of the effects of the

individual halogens, because XO cross reactions occur approximately an order of

magnitude faster than BrO + BrO.18

In clean air, IO and iodine dioxide (OIO) self-reactions (examples R10 & R11)

produce higher iodine oxides (e.g. I2O2, I2O3, and I2O4), which are thought to be

subsequently photolysed back to IO or OIO.19 Reactions of iodine oxides with

ozone form stable I2O5 (R12), which can polymerise to form iodine oxide particles

(IOPs).20,21 This appears to be the dominant mechanism for IOP formation where

iodine is present in relatively high concentrations. However, the balance of

evidence now suggests that formation of gas phase iodic acid (usually referred to

as HIO3) drives IOP formation in multiple environments, including over the

central Arctic Ocean.22–25 As well as over the Arctic, gas phase HIO3 has been

detected in environments ranging from coastal marine air to the lower free

troposphere, and a number of mechanisms for its formation have been

proposed.22–24,26,27 IOPs can act as cloud condensation nuclei (CCN), further

increasing the impact of iodine emissions on polar environments.22,28–30

X2 + hv/ 2X (R1)

X + O3/ XO + O2 (R2)

XO + HO2/ HOX + O2 (R3)

XO + NO2/ XONO2 (R4)

HOX + hv/ X + OH (R5)

XONO2 + hv/ X + NO3 (R6)

HOX + X(surface)
−

/ X2 + OH− (R7)

XO + XO/ X2 + O2 (R8)

XO + XO/ X + X + O2 (R9)

XO + XO/ OXO + X (R10)

OXO + OXO/ X2O4 (R11)

X2O4 + O3/ X2O5 + O2 (R12)

Iodine in the polar troposphere

The presence of iodine in the polar troposphere was rst demonstrated in the

Arctic by Wittrock et al., (2000), who observed IO using Differential Optical

Absorption Spectroscopy (DOAS), in Ny Alesund, Svalbard, from 1995–1998.31

During sunlit periods, stratospheric IO was positively identied for some days

each month, with some evidence for tropospheric IO, without further

quantication.
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In the Antarctic troposphere, IO was rst measured in 1999 at Neumayer

Station by Frieb (2001) using DOAS. Iodine monoxide was reported to be higher in

summer compared to winter, and present at up to 10 pptv.32 At Halley Station,

a site 12 km south and 30 km east of the Antarctic ice edge, surface IO was

measured by LP-DOAS (Long Path Differential Optical Absorption Spectroscopy)

and peaked in Austral spring at around 20 pptv, with a weaker peak in Austral

autumn of 6–7 pptv.33 The mixing ratio measured during the springtime peak

remains the highest reported mixing ratio of IO in the polar boundary layer. The

concentration of IO closely tracked solar radiation, indicating that IO production

is photochemically mediated and that it has a short boundary-layer lifetime.

Satellite observations retrieved for October 2005 in the Antarctic springtime

revealed IO mixing ratios >12 pptv.34 Iodine monoxide peaked over sea ice and

around the edge of the Antarctic ice shelf. In the Weddell Sea, IO was measured at

a mean mixing ratio of 5.1 pptv, with a maximum of 6.6 pptv.35 Higher IO mixing

ratios were again associated with areas with a high ice extent. IO was also later

measured over a one-year period by MAX-DOAS in the Western Antarctic at the

Bharati station.36 At this station, in summer there can be complete sea-ice melt,

while in winter the sea ice can extend several kilometres. Average surface IO

mixing ratios were typically below 1 pptv and only a weak increase in IO mixing

ratio was observed during spring, with a few autumn days reaching values

comparable to the springtime values. The maximum mixing ratio measured was

1.9 ± 0.3 pptv during October.

There are fewer observations of IO in the Arctic and the levels observed are

generally lower than those in the Antarctic troposphere.34 At Hudson Bay, Canada,

Mahajan et al., (2010) detected IO in spring with peak daytime levels of 3 ± 1

pptv.37 More recently, the Multidisciplinary driing Observatory for the Study of

Arctic Climate (MOSAiC) expedition in the high Arctic has allowed a much longer

time series of IO observations. BetweenMarch and October 2020, IO was observed

at mixing ratios around 0.2–1.0 pptv throughout the entire sunlit period, with

enhanced levels of 2.9 ± 0.3 pptv during spring.16 Model simulations of the

halogen-driven chemical destruction of ozone indicated that over the entire sunlit

period, IO contributed more to the depletion of tropospheric ozone than BrO.16

In terms of the seasonality of iodine, evidence from aerosol studies at Alert and

Mould Bay (two Arctic non-coastal sites) indicate spring and autumn peaks.10

Iodine concentrations measured at a coastal site in the same study were higher,

and did not show any seasonal variation. During the Arctic MOSAiC expedition,

no autumn peak in IO was recorded, with measurements continuing until late

September.16 Evidence for a weak autumn peak in Antarctic IO at Halley Station

(western Antarctica, some tens of kilometres from the ice edge) was observed,33

with a similar weak autumn peak reported in East Antarctica at Bharati Station.36

Potential iodine release mechanisms

To understand and predict the concentrations and seasonality of polar iodine and

its impact on ozone, its source and release mechanism must be understood.

Several potential mechanisms have been postulated. The fact that IO mixing

ratios over the Antarctic are higher than in the Arctic has been attributed to

Antarctic ice being typically thinner than Arctic ice, supporting under-ice bio-

logical processes and allowing faster diffusion of iodine precursors through the
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ice and snow.19,38 Saiz-Lopez et al., (2008) postulated that HOI and I− on the

underside of sea ice, produced by phytoplankton at concentrations highly

enriched compared to seawater, could diffuse upwards through brine channels in

rst year ice, forming an iodine-rich brine layer on the top of sea ice,38 either

under the snowpack or directly exposed to the atmosphere. This process was

included in a model39 and is commonly used to explain Antarctic IO.36 It has also

been invoked for Arctic iodine trends,40 including for the MOSAiC expedition4 and

iodine in ice cores.41,42 An additional biological mechanism postulated to explain

Arctic IO production is seawater emissions of organo-iodine compounds from

open water polynyas.37

Alternatively, there is evidence for a snowpack chemical source of IO, as

indicated by IO mixing ratios of up to 50 pptv in the interstitial air of the Antarctic

snowpack.43 In the Arctic, a photolytic snowpack source of I2 was demonstrated;44

I2 is a photolabile precursor to iodine atoms and hence IO (R1 & R2). From in situ

chamber experiments, these authors determined peak I2 levels of 22 pptv within

the interstitial air of the snowpack at 40 cm depth. I2 was only observed under

sunlit (natural or articial) conditions. Raso et al., (2017) suggested that the

mechanism was photochemical production of I2 from iodide.44 This is known to

proceed slowly by O2 oxidation in acidic solution (R13),45 or accelerated in frozen

solution by photoinduced oxidation (R14), with the iodine radical recombining

with I− to form I2
−, and subsequently tri-iodide (I3

−, R15 and R16).46 Tri-iodide

exists in equilibrium with I2 (R17).
47

4I− + O2 + 4H+
/ 2I2 + 2H2O (R13)

I− + O2 + hv/ (I− cO2)/ Ic + O2
− (R14)

Ic + I−/ I2
− (R15)

I2
− + I2

−

/ I3
− + I− (R16)

I2 + I−# I3
− (R17)

IO3
− + hv// I2, HOI or IO(g) (R18)

IO3
− + NO2

−

/ I−, I2(aq), NO3
− (R19)

NO2
− + 2H+

/ H2ONO+ + HONO (R20)

2H2ONO+ + 2I−/ I2 + 2NO + H2 (R21)

HONO + 2I− + O2 + H+
/ I3

− + NO3
− + H2O (R22)

Iodate (IO3
−) has also been demonstrated experimentally to produce reactive

iodine species, in both light and dark conditions. Gálvez (2016) showed that

photolysis of frozen iodate salts by UV-vis radiation produces reactive iodine

(R18).48 Subsequent work used theoretical calculations to investigate the products

of photo-reduction of iodate.49 The products were postulated to be IO2
− + O, or

IO2 + O−, with unstable IO2 dissociating to I + O2. Alternatively, at wavelengths

<263 nm, IO3
− could be converted to IO3, which again dissociates to I + O2.

49
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Formation of reactive iodine can also occur in dark conditions. It has been

demonstrated that a frozen solution of iodate and nitrite formed reactive iodine

(R19).50 This reaction was accelerated in frozen conditions compared to room

temperature, which was attributed to the freeze-concentration effect increasing

concentrations of reactants between ice grains during freezing. Formation of I2
from iodide and nitrite (R20–R22) was also demonstrated from frozen solu-

tion,51,52 again with the freeze concentration effect essential for efficient

conversion.

Alongside snow and ice sources of IO, oceanic emissions of iodine could

provide an important background source for polar iodine. Deposition of ozone to

the ocean surface followed by reaction with iodide leads to emission of I2 and

HOI, which subsequently form IO during the sunlit period.53 The inuence of this

mechanism on polar IO levels will depend upon several factors including surface

ocean iodide concentrations, tropospheric ozone mixing ratios, wind speeds and

the proximity of the location to the ocean.

Aims of this study

Despite the signicant impact of reactive halogen chemistry on the polar atmo-

sphere and evidence of a snow/ice source of IO, the mechanism of iodine release

and its potential source strength are poorly understood. Consideration of possible

release mechanisms suggests that reactive iodine formation is likely to be

a function of the chemical speciation of iodine as well as its snow/ice concen-

tration. Adding to the uncertainty in the release mechanism is the fact that there

are only very few measurements of the concentration of iodine in snow, and even

fewer of its speciation in snow. In the Arctic, snow iodide concentrations have

been reported from Utqiagvik, Alaska,44 and in Svalbard, where total iodine (TI)54

and observations of iodide and iodate (IO3
−)55 have been reported.

In this study, we report iodine speciationmeasurements from snow on sea ice

sampled during the MOSAiC expedition aboard the Research Vessel (RV) Polar-

stern. Samples were collected on 80 occasions over a 9 months period

(December–September) over a range of snow depths. For these samples, full

iodine speciation was measured, along with complementary quantication of

major ions including sodium (Na+), chloride (Cl−) and calcium (Ca2+). From

knowledge of the availability of iodine in snow, potential emissions of reactive

iodine to the atmosphere were investigated. This dataset vastly expands the

current knowledge of iodine in Arctic snow, allowing analysis of the seasonal

changes in snow iodine over 9 months and 3 seasons, as well as consideration of

its source and impacts.

Methods
Study site and sampling

The Multidisciplinary driing Observatory for the Study of Arctic Climate

(MOSAiC) expedition was a year-long (October 2019–September 2020) expedition

in the high Arctic aboard the RV Polarstern. The expedition aimed to gain

fundamental insights into controls of the coupled Arctic climate system. The dri

track of the cruise is displayed in Fig. 1. The expedition was split into ve

segments called Legs; Legs 1–4 were at the same ice oe, with transit to and from
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Svalbard for personnel exchange between Legs 3 and 4, and Leg 5 on a different

ice oe, following disintegration of the original oe at the end of Leg 4.

A summary of snow sampling and the complementary ice measurements made

are provided in Macfarlane et al., (2023)57 and Nicolaus et al., (2022).59 During this

expedition, a comprehensive suite of measurements were carried out to charac-

terise the physical and chemical properties of the snow. The integration of the

observed snow parameters obtained during MOSAiC is possible due to the coor-

dinated sampling strategy. This enabled comparison of the physical and chemical

properties of the snowpack, whether themeasurements were conducted on-site or

analysed later in different laboratories aer the expedition.

A range of ice types was required due to the change in ice properties with age,

both chemical and physical.58 Therefore, snow samples were collected in snow

pits, over a range of ice substrates, including rst year ice (FYI) and second year

Fig. 1 Cruise track of the RV Polarstern during the MOSAiC expedition – each of the 5

Legs is displayed in a different colour. Time in transit is not displayed. The white area is the

sea ice coverage in March 2020, representing the maximum sea ice extent, and the

summer minimum ice extent (85% sea ice coverage) is shown by the dashed line.56

Locations of snow pits are marked by crosses.
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ice (SYI), which were determined based on the properties of ice cores drilled in the

designated sampling areas.59 Sampling tubes (screw top polypropylene tubes, 50

mL, Corning) were inserted horizontally into the snow pit aer excavation. This

allowed for vertical proles of 3 cm vertical resolution of the snowpack.

Iodine concentrations were analysed from 80 sampling events (where

a sampling event corresponds to one snow pit) between 30th Dec. 2019 and 18th

Sept. 2020. Snow pits were oen sampled at multiple depths, therefore,

throughout the campaign, 177 measurements of iodine speciation in snow were

made. 102 samples, categorised as “surface”, were collected within 5 cm of the

snow–air interface, and 53 were collected within 5 cm of the snow–ice interface,

categorised as “base” (18 samples fell into both categories, which could happen

when the snowpack was <10 cm deep).

For major ion analysis, the sampling tubes were rinsed with UHP water and

dried in a class 100 clean laboratory at the British Antarctic Survey (BAS), Cam-

bridge prior to eld deployment. All snow samples for iodine and major ions

analyses were stored at −20 °C on board RV Polarstern. Aer the end of the

MOSAiC expedition in Oct 2020, the samples were shipped frozen to BAS, Cam-

bridge (for major ion analysis) or York (for iodine speciation analysis) and were

only melted overnight (at 4 °C, in the dark) prior to analysis.

For comparison to snow samples, iodine speciation was measured from 16

seawater samples collected by Niskin bottles attached to the CTD (conductivity,

temperature and depth) rosette during the cruise. Samples were collected down to

a depth of 50 m below the sea ice.

Iodine speciation measurements

Undiluted and unltered snow samples were analysed for iodine speciation.

Volumes of 400 mL were analysed for iodide by ion chromatography (IC) using an

Agilent 1100 HPLC system. The guard and analytical columns used were a Dionex

IonPac AS-23 4 × 50 mm and 4 × 250 mm, respectively. The chromatogram was

collected for 16.1 minutes following injection, with iodide elution at around 11

minutes. The IC mobile phase was 0.4 M sodium chloride (NaCl, Sigma-Aldrich

BioXtra 99.5%, 2 M stock solution) with a ow rate of 0.64 mL min−1. Direct

detection of iodide was performed via UV-vis spectrometry using an Agilent 1260

series detector at 226 nm (at this wavelength, iodide has a molar extinction

coefficient of ∼2.8 × 104 M−1). The ow cell had a 4 mL volume and 60 mm path

length (Agilent G4212-60007).

Iodide was calibrated using potassium iodide solutions (KI, Fisher 99%, 0.1 M

stock solution) prepared gravimetrically from a stock solution. The reagent stock

solutions were 10% weight by volume hydroxylamine hydrochloride (NH2OH–

HCl, Sigma-Aldrich Reagent Plus, 99%), 70 mM calcium hypochlorite (Ca(ClO)2,

Sigma-Aldrich Technical Grade) and 500 mM sodium sulte (Na2SO3, Sigma-

Aldrich, min 98%, refreshed bi-monthly).

To measure iodate, NH2OH–HCl (nal concentration of 7 mM) was added to

the thawed snow samples to reduce all iodate to iodide. The iodate fraction was

obtained by difference by subsequent measurements of both iodide and total

inorganic iodine (TII = iodide + iodate). Total dissolved iodine (TDI) was also

measured following digestion of dissolved organic iodine (DOI). To the sample,

Ca(ClO)2 was added to a nal concentration of 189 mM and le for one hour,
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followed by addition of Na2SO3 to a nal concentration of 380 mM, and NH2OH–

HCl to a nal concentration of 7 mM. TDI was then quantied as iodide.

The limit of detection (LoD) for iodide (and hence TII and TDI) was 0.12 nM.

Further details of the analytical methods for iodide and iodate analysis are

described in Jones et al., (2023).60 Iodine in seawater was measured using the

same method as for snow samples, however with dilution of seawater (800 mL

sample with 850 mL deionised water or reagent).60

Major ion analysis

Snow sampling and analysis are based on the approach by Frey et al., (2020).61 The

calibration range of the ion chromatography system required dilution of samples

with elevated salinities (>0.5 practical salinity units) with UHP water, typically by

a factor of 100 or more for most snow samples.

Samples were analysed for major ions using Dionex Integrion ICS-4000 ion

chromatography systems with reagent-free eluent generation. A Dionex AS-AP

autosampler was used to supply sample water to 250 mL sample loops on each

instrument. Cation analyses were performed with a Dionex Ionpac CG16-4 mm (2

× 50 mm) guard column and CS16 (4 mm, 2 × 250 mm) separator column. A 32–

45 mM methane sulfonic acid eluent concentration-gradient was used for effec-

tive separation of the analytes, before conductivity detection. Anion analyses were

performed using a Dionex Ionpac AG17-C (2 mm, 2 × 50 mm) guard column and

AS17-C (2 × 250 mm) separator column. A 3.5–27 mM potassium hydroxide

eluent concentration-gradient was used for effective separation of the analytes.

Calibration was achieved using a range of calibration standards prepared from

Sigma-Aldrich standards (1000 ppm) by a series of gravimetric dilutions.

Measurement accuracies were evaluated using European reference materials

ERM-CA408 (simulated rainwater) and CA616 (groundwater) and were all within

5% and respective LoDs of ∼2 ppbw.

Back trajectories

Back-trajectories were produced using FLEXPART v10.4, a Lagrangian particle

dispersion model.62,63 Turbulence is parameterised using the standard Gaussian

model,62 while the planetary boundary layer height (PBLH) is calculated using

a Richardson number threshold.64 A convection parameterisation is used based

on Emanuel and Živković-Rothman (1999).65 Here, FLEXPART is driven by Global

Forecast System (GFS) reanalyses at 0.5° × 0.5° resolution, releasing 1000 parti-

cles backwards in time over seven days. Trajectories were initialised from the

surface every six hours along the path of the MOSAiC expedition. The back

trajectories were then binned onto a 0.500° × 0.625° resolution land cover map

with sea ice extent fromMERRA-2 meteorology.56 Particles below 100m in altitude

were treated as being inuenced by surface emissions/interactions from that land

cover type.

Results and discussion
Summary of iodine and major ions measurements

Of the 177 samples measured for iodine speciation, 24 were below the LoD for

iodide, 16 were below the LoD for total inorganic iodine, and 5 were below the
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LoD for total dissolved iodine. Summary statistics for the measured fractions

across the whole campaign are provided in Table 1. Mean, median and standard

deviations were calculated assuming that measurements below the LoD = 0.5 ×

LoD.

It is important to note that the snowpack is constantly evolving due to erosion

and redeposition of snow.66 The stratigraphy of the snow therefore changes with

time, while we have denoted samples as “surface”, “base” and “bulk” at the time

of sampling, this does not preclude inuences from other depths due to

reshuffling of the snowpack. It is outside the scope of this work to perform

detailed analysis of the evolving snow stratigraphy, instead we have examined

general trends across categories, with the understanding that there is uncertainty

in the “history” of the snow sample.

A graphical summary of the chemical measurements of the snow samples,

along with available literature values of the same variables, are displayed in Fig. 2.

The measurements are split into “surface” and “bulk”measurements, where bulk

measurements are all non-surface samples (including “base” samples). On four

occasions, the total snow height was not available, therefore it was not possible to

dene the samples collected on these days as either “surface” or “bulk”. One of

the samples of these instances (PS122_3_33_66) was extremely high in iodide,

iodate and calcium, representing the maximum concentrations of iodide and

total inorganic iodine displayed in Table 1. This sampling event was omitted from

Fig. 2 as an outlier, to avoid obscuring the other data, but is discussed in the

section “Potential top-down inputs of iodine to the snow-pack”.

Fig. 2 (row a) demonstrates the large variability in total iodine concentrations in

both the surface and bulk snow samples. Total iodine concentrations in the surface

snow ranged from <0.12 to 206 nM (mean= 8.7 nM). In the bulk snow, total iodine

Table 1 Summary statistics for measured iodine fractions: iodide, total inorganic iodine

(iodide + iodate) and total dissolved iodine (iodide, iodate and dissolved organic iodine).

Mean, median and standard deviations (sd) were calculated assuming that measurements

below LoD = 0.06 nM. Measurements are split into surface (<5 cm from the snow–air

interface), bulk (all except surface), base (<5 cm from the snow–ice interface) and all

samples. Where snowpit height was not available, the sample could not be categorised as

“surface”, “base” or “bulk” therefore surface + bulk s all

Depth Mean � 1 sd Median Min Max n

Iodide (nM) Surface 0.8 � 0.8 0.5 <0.12 3.8 102

Bulk 0.9 � 0.9 0.7 <0.12 4.4 69

Base 0.9 � 1.0 0.7 <0.12 3.8 53
All 1.3 � 5.0 0.6 <0.12 65 177

TII (nM) Surface 8.1 � 30 1.2 <0.12 205 102

Bulk 52 � 100 1.6 <0.12 510 69
Base 76 � 120 2.1 <0.12 510 53

All 32 � 100 1.4 <0.12 862 177

TDI (nM) Surface 8.7 � 30 1.9 <0.12 206 102

Bulk 53 � 110 2.5 <0.12 520 69

Base 77 � 120 2.9 <0.12 520 53

All 32 � 98 2.1 <0.12 857 177
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was generally higher, ranging from <0.12 to 520.2 nM (mean = 53 nM), excluding

the aforementioned outlier. Surface concentrations of total iodine in continental

snow at Ny-Alesund, Svalbard (80 °N) were previously reported, measured by ICP-

MS.54 Concentrations were measured in light conditions (late April 2015 & early

April 2016), ranging from 0.3 to 7 nM and 0.5 to 3 nM and during polar night

(January 2017) ranging from 2 to 8 nM. In the current work, surface snow total

iodine in January was higher, ranging from 0.6–206 nM (mean 11 nM). In sunlit

conditions in April, concentrations fromMOSAiC samples ranged from 0.3–6.8 nM

(mean 3.5 nM), similar to the results of Spolaor et al., (2019).54

Fig. 2 Graphical summary of all chemical measurements, including iodide, iodate, total

iodine, sodium, chloride and calcium, according to month of the year. Measurements are

split into surface (<5 cm from the snow–air interface) and bulk samples (>5 cm from the

snow–air interface). Ranges of literature reports of Arctic snow measurements are also

displayed, denoted by “F”: Frassati (2024),55 “R”: Raso (2017),44 “S1”: Spolaor (2019)54

measurements from early April 2016, “S2”: Spolaor (2019)54 measurements from late April

2015 and “S3”: Spolaor (2019)54 measurements from January 2017. Limits of detection for

iodide and TII are shown by dashed lines. Uncertainties in iodide and total iodine

concentrations, shown by error bars, are standard deviations of triplicate measurements.

Uncertainties in iodate concentrations are propagated from uncertainties in iodide and

total inorganic iodine measurements. Uncertainties in iodide : iodate ratio are propagated

from uncertainties in iodide and iodate concentrations.
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Speciation within total iodine was measured for all samples in the current

work. As shown in Fig. 2 (row b), the iodide concentrations in surface and bulk

snow were comparable, ranging from below the LoD up to ∼4 nM. In the surface

snow, the highest concentrations occurred in January–February, during polar

night, and again at the beginning of autumn (September) when light levels

decrease in the Arctic. Iodide concentrations were lower during the summer

months, not exceeding 2 nM at the surface.

There are only a few previous studies of speciated iodine in Arctic snow samples.

A study of continental snow collected at >42 cm depth in Ny-Alesund, Svalbard,

reported lower iodide concentrations of 0.5–0.6 nM.55 These samples were collected

at the end of the polar night, and are at the lower end of the range of concentrations

observed in this work during the unlit period (January/February) in this work.

Continental snow samples were also collected in Utqiagvik, Alaska, in January–

February 2014 aer polar sunrise.44 Surface iodide concentrations were approxi-

mately 1–3 nM which are slightly higher than the concentrations described in this

work during the sunlit period, which was from mid-March. In the same study, bulk

samples were slightly higher in concentration than those reported in the current

work, at a range of approximately 1–5 nM (Fig. 2 row b).

As described in Methods, iodate concentrations were obtained by difference

between measurements of TII and iodide, which both have LoDs of 0.12 nM. We

report iodate concentrations down to a reporting limit of 0.01 nM, however such

low concentrations are oen within the errors of the measurements they are

calculated from (iodide and TII concentration) and so may be considered negli-

gible. For mass balance purposes we have le these negligible iodate concen-

trations in place. Iodate is displayed in Fig. 2 (row a), and as with total iodine,

there is a large variation in iodate concentration throughout the expedition. In

surface snow, iodate ranged from <0.01 to 203 nM (mean 7.5 nM), while for bulk

snow, the iodate concentration ranged from <0.01 to 509 nM (mean 52 nM). The

higher concentrations of total iodine and iodate in bulk snow is examined in the

following sections. Bulk iodate was also reported by Frassati et al., (2024) at low

concentrations of 0.8–1 nM in the lower layers of continental Arctic snow

(February 2022).55

The iodide : iodate ratio in snow samples was analysed (Fig. 2, row c), and it

was determined that there was not a consistent ratio in either bulk or surface

snow throughout the year. This indicated that there was not a dominant form of

inorganic iodine in Arctic snow. In surface snow, the iodide : iodate ratio peaked

in spring and autumn, while this trend was not evident for bulk snow. The

seasonal trends in iodide : iodate ratio are discussed in section “Potential top-

down inputs of iodine to the snow-pack”.

The Na+ and Cl− analyses of the snow allow us to examine potential seawater

sources of iodine. Measured in ppbw (equivalent to ng g−1), concentrations were

highly variable; between 201 and 6 × 106 ppbw for Na+ and between 388 and 6 ×

106 ppbw for Cl− (Fig. 2, row d). However, bulk snow had more instances of very

high Na+ and Cl− compared to the surface. Na+ and Cl− were reported by Raso

et al., (2017)44 and Na+ by Spolaor et al., (2019);54 in both studies, analysing

continental snow, the salt content was at the lower end of the range reported in

this work (Fig. 2), attributed to the fact that the MOSAiC samples were collected

over sea ice. This indicates the upward transport of sea salt from the saline sea ice

surface or the sea water in the current work.
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The MOSAiC samples were analysed for calcium ions (Ca2+), displayed in Fig. 2

(row d). Ca2+ is oen considered to be the best tracer of continental dust among

the major ionic species observed in Arctic snow.67,68 Concentrations were typically

below 1000 ppbw, but with episodically high values throughout the snow pit (up

to 1.03 × 106 ppbw), which are discussed in the coming sections.

For insight into the source of iodine into the snow, the enrichment factor (EF)

of total iodine, iodide and iodate relative to seawater were calculated according to

eqn (1), with a seawater Na+ concentration of 0.46 M and the mean (±1 sd)

measured under-ice seawater concentrations (see Methods) of total iodine (262 ±

87 nM), iodide (27 ± 11 nM) and iodate (215 ± 76 nM). For calculation of EFs,

depth-paired measurements of Na+ and the ion in question must be available.

This was not always the case; therefore the EF could not be calculated for every

snow sample.

EFion ¼
ionONasnow

ionONaseawater
(1)

EFs are displayed in Fig. 2 (row e). Total iodine in surface snow was typically

slightly enriched in concentration relative to seawater, ranging from 0.16 to 212

(mean EF = 26, median EF = 9). In the Spolaor et al., (2019) study,54 EFs of total

iodine in surface snow were similar to those in the current work, ranging from 3–

225, 8–300 and ∼0 to 100 in late April 2015, early April 2016 and January 2017,

respectively. Compared to total iodine, iodide in surface snow was more enriched,

with EFs ranging from 0.4 to 387 (mean 79, n= 17). Only 3 surface samples had EF

<1. Iodide EFs reported by Raso et al., (2017)44 at the snow surface were approx-

imately 25–220, in line with this work, and supporting enrichment of iodide at the

snow surface relative to seawater. Iodate EFs at the surface were similar to those

obtained for total iodine, and less enriched relative to seawater, compared to

iodide; EFs ranged from 0.03 to 171, with a mean of 17 (n = 17).

In the bulk snow pit, total iodine was typically not strongly enriched, except for

one sample; EFs ranged from 0.02 to 1475 (the second highest EF was 10),

resulting in mean and median EFs of 72 and 3, respectively. Iodide EFs demon-

strated a similar trend, whereby EFs were generally low, with episodically high

values. Iodide EFs ranged from 0.01 to 1583 (mean = 134, median = 0.9). In the

Raso et al., (2017) study,44 iodide EFs were higher in the bulk snow, ranging∼400–

1900; the relatively low sodium content of the bulk continental snow, coupled

with the relatively high iodide concentrations leads to these high EFs.

In the current work, two bulk snow samples were highly enriched in iodide

and/or total iodine compared to the other samples, occurring on 2nd March 2020

([iodide] = 3.7 nM) and 23rd April 2020 ([iodide] = 0.8 nM). Both samples were

associated with particularly low sodium concentrations: 1540 and 201 ppbw,

respectively. In the bulk of the snow pit, iodate enrichment ranged from 0.008 to

585 (mean 26, n = 25). To our knowledge, there are no previously reported iodate

bulk EFs from Arctic snow to compare with.

Investigating a bottom-up source of iodine to the snowpack

First year ice vs. second year ice. Here, we rst evaluate the hypothesis of

a bottom-up source of iodine to the snowpack through the underlying sea-ice and

seawater. Excluding snow-pits where there was overlap between the base (bottom
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5 cm) and surface (top 5 cm) regions, i.e. where the snowpack was less than 10 cm

deep, the average concentrations of iodide and iodate in the base snow for snow

over FYI and SYI are displayed in Fig. 3. It was observed that for snow over FYI, the

concentration of iodate at the base of the snow pit was far greater than for snow

over SYI (median of 177 nM and 0.7 nM, respectively). For iodide, the effect is less

pronounced (median of 1.3 and 0.4, for FYI and SYI, respectively). Pit-base snow

over FYI also had a higher sodium content (median 3.3× 106 ppbw Na+, range 1.5

× 106 to 4.5 × 106 ppbw) compared to SYI (median 3.1 × 104 ppbw Na+, range 1.5

× 103 to 1.5 × 105 ppbw), potentially indicating a bottom-up source of seawater to

the snowpack over FYI. A previous report of iodate in bulk snow was from

continental snow,55 therefore this bottom-up saline source of iodate would not be

possible. Indeed, the iodate concentration reported in the previous study was low:

∼1 nM (Fig. 2a).

There is a more pronounced difference between FYI and SYI for iodate than

iodide. The reason for this difference isn't clear, but some possibilities are

specicity in ion exclusion during ice formation (Zhang 2021),73 or higher reac-

tivity of iodide compared to iodate causing a reduction in the concentration.

Iodate is generally considered a stable form of iodine, therefore less likely to

undergo chemical reaction.

Transmission mechanism of iodine from seawater to snow. The source of

iodine to the base of the snow over FYI could be through (1) wicking of seawater

Fig. 3 Iodide and iodate concentrations, separated into surface (<5 cm from the snow–air

interface) and base (<5 cm from the snow–ice interface) values, and the age of the

underlying ice (first year ice, FYI, and second year ice, SYI). The boxplots display themedian

value, and the first and third quantiles. Whiskers extend to the largest and smallest values

within 1.5× the interquartile range. Measurements outside this range are displayed by

points. Not all measurements displayed in Fig. 2 are visible in this plot, as categorisations of

the age of the underlying ice were not always available.
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through the ice and into the snowpack and the permeation of salts through the

ice, or (2) wicking of concentrated brine formed during ice formation.

The permeability of FYI compared to SYI is well established, and depends on

the rule of ves, which describes how at a brine volume fraction (BVF) of 5%, brine

inclusions interconnect, and the ice becomes permeable. This depends on

temperature and salinity, and at a bulk salinity of 5 ppt and a temperature of−5 °

C, the critical BVF of 5% is reached.58 This permeability difference was demon-

strated during the MOSAiC campaign where FYI was shown to reach or exceed the

critical 5% BVF throughout, whereas SYI did not.69 Permeation has been sug-

gested as a mechanism for the leaching of iodine-containing salts from seawater

upwards through thinner Antarctic ice,38 which typically exists at around 50 cm.

During the MOSAiC expedition, the ice thickness of FYI was initially recorded at

approximately 30 cm in December, growing to a maximum thickness of up to 2 m

in May, and decreasing again through late summer.70 At the time of polar sunrise,

when we would expect photolytically driven and biological processes to begin, the

ice was present at between approximately 1.25 to 1.70 m thickness. The timescale

of liquid diffusion through ice at these thicknesses was approximated following

the method described in Saiz-Lopez et al., (2015),38 demonstrating that for ice at

the onset of the polar sunrise, for even the fastest potential rate of liquid diffu-

sion, permeation of salts from seawater all the way through ice is not a viable

method for transfer of iodine compounds from seawater to the base of the

snowpack in the Arctic (Table 2).

The high concentrations of iodate, and to an extent iodide, at the base of the

snowpack were therefore attributed to brine formed during ice formation. This

brine could be present in brine channels formed in the interior ice (which would

therefore not need to permeate up through the whole ice depth), or as a brine

skim atop the ice. This brine skim could be expelled upwards during ice forma-

tion, or could have been le on top of pancake ice, as a result of wave action.71 The

presence of brine in the snowpack is indicated by the elevated concentration of

Na+ at the base of FYI, compared to SYI (median 3.3 × 106 compared to 3.1 × 104

ppbw Na+, respectively; a difference of two orders of magnitude). In laboratory

and eld experiments, it was demonstrated that a dye-spiked brine wicked

upwards to a distance of up to 5 cm in snow,72 providing a potential method of

transport of seawater salts into snow near the snow–ice interface when snow has

sufficiently connected porosity.

The highest concentrations of iodate in the base snow were observed on FYI

during the ice growth phase (December until May), supporting brine expulsion

Table 2 Diffusion timescales for transport through varying sea-ice thicknesses, at 3

different assumed diffusion coefficients (D)

Ice thickness (cm)

Time for diffusion for diffusion coefficients (D, in cm2 s−1)

D = 1 × 10−7 D = 5 × 10−5 D = 1.3 × 10−4

30 71 years 52 days 20 days

125 1240 years 2.5 years 350 days

170 2300 years 4.6 years 1.8 years
200 3200 years 6.3 years 2.4 years
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during growth. No high iodate concentrations in base snow were observed for the

rest of the MOSAiC year, despite there being a higher occurrence of FYI sampled

in the later stages of the campaign. A potential reason for this is the ushing of

non-saline meltwater through the snow. If surface snow (which was lower in

iodate) melted rst, this could wash away salts deeper in the snowpack, reducing

their concentration. Replenishment of iodate from the seawater would then not

be possible, even for sufficiently thin ice, for two reasons: (1) if non-saline melt-

water was transported downward through the ice, the salinity of the brine

channels would be reduced, and the law of ves would not be satised. This would

hinder future upward transport of seawater salts, including iodate, through the

sea ice, and (2) downwards transport of meltwater through ice and into the

underlying seawater could also cause stratication of the seawater below the ice,

with a layer of iodate-free fresh water in contact with the bottom of the ice. It is

also noteworthy that during the summer it is possible that snow samples were

composed of, or included, the melting ice surface. In this case, the concentrations

of iodine species reported for summer samples would represent, or contain, the

bulk ice (with bulk in this instance meaning both ice grains and channels).

While we do not expect iodate originating from ice growth processes to directly

affect snow over SYI, there is a non-zero concentration of iodate in snow over SYI

(Fig. 3). In this work, we cannot determine its origin with certainty, however

a potential source could be mixing from snow with a higher iodate concentration

(whether the source is oceanic or atmospheric), which occurs within and across

the snowpack due to erosion and deposition.66

We have indicated that there does not appear to be a strong sea-ice source of

salts to the base of the snowpack above SYI, but shown that elevated levels of

iodate, and to a lesser extent iodide, are present in the base snow above FYI. We

next examine whether the iodine levels in this base snowpack were enriched in

concentration with respect to seawater. The total iodine, iodide and iodate EF

proles through the snow above FYI are displayed in Fig. 4. Total iodine and

iodate appeared to be slightly enriched at the base of the snowpack (up to EF =

6.6), increasing further towards the snow–air interface.

For iodide at the base of the snowpack, the EF was consistently below 1,

indicating that iodide is depleted relative to seawater. There is therefore no

evidence of any signicant additional source between the bulk seawater and the

base of the snowpack during the whole cruise track. Therefore, the widely used

mechanism of a biological source of iodine to the atmosphere appears not to

apply here. In this mechanism, phytoplankton on the underside of sea ice

produce large quantities of iodine, in equilibrium between I2 and I− + HOI, which

are transported upward through the sea ice to the ice–air or ice–snow interface.38

If iodine species were highly enriched under the sea ice and transported upwards

through the ice, enriched iodine species at the ice–snow interface would be ex-

pected. Instead, the EF of iodide, as for total iodine and iodate, is low towards the

ice–snow interface, and appears to increase with proximity to the snow–air

interface, indicating that the transfer of iodide inside the snowpack is top-down.

We note that the opposite trend was observed in continental snow, in which

iodide EFs increased with depth.44 This may be due to the formation of the

snowpack in very different environments, however the specic reason for this

discrepancy is unclear.
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Deviation from an EF of 1 could be due to several factors. There could be ion-

specicity in brine rejection; a study of brine rejection of chloride, bromide and

uoride found that uoride was more efficiently rejected than bromide and

chloride, indicating that different halogen species behave differently during ice

formation.73 Alternatively, chemical reactions, e.g. between iodide and nitrite

during the freeze–thaw process,52 could cause the observed depletion of iodide

relative to seawater.

In summary, there appears to be a source of iodine to the base of the snowpack

over FYI but not SYI, which is higher in winter and spring during the ice growth

phase. This is possibly linked to the presence of brine expelled to the top of the

ice, and is slightly enriched in iodate but not in iodide, which was actually

depleted compared to seawater.

Transfer of species from base to surface of snow. In terms of implications for

atmospheric emissions, the surface iodine content of the snowpack is of greater

signicance than the base. It was therefore investigated whether this iodine

source at the base of the snow translates to atmospherically available iodine at the

surface of the snow. Under certain conditions, the transport of salts upward

through the lower snowpack is known to occur, however the mechanism is not

well established.72 Measurements at the surface of the snow were compared to

those at the base of the snow (Fig. 3). For both iodide and iodate, concentrations

at the surface of FYI and SYI are comparable, despite the large differences in

concentration at the base. This indicates that the bottom-up source of iodine at

the base of the snow pit did not strongly impact surface concentrations. In

previous reports of iodine in continental snow, the concentrations of iodide and

total iodine at the surface of the snow are comparable to this work (Fig. 2 rows

Fig. 4 Enrichment factors (EF) for total iodine, iodide and iodate throughout the snow-

pack, for snow over FYI, with respect to sea water. Each panel represents samples taken

from an individual snow pit. The height of the snow pit is indicated by the upper black

horizontal lines, with the lower line at the snow–ice interface (h= 0 cm) and the upper line

at the snow–air interface (height variable). EFs are displayed on a log scale for total iodine

(blue squares), iodate (green circles) and iodide (pink triangles), with a vertical line at EF= 1

as a visual aid. Note the depth scales are variable across snow pits.
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a and b).44,54 These studies would not have been inuenced by a bottom-up

seawater source of iodine to the snowpack. The similarities in surface iodine

between those studies and this work again indicate that iodine at the base of the

snowpack does not directly inuence concentrations at the surface.

Potential top-down inputs of iodine to the snowpack

Investigating sea-spray and dust as iodine sources. External air masses are

known to enter the Arctic atmosphere, for example the seasonal springtime Arctic

haze,74 delivering natural and anthropogenic aerosol from other geographic

regions. Potential top-down sources of iodine to the snowpack include dust and

sea-spray aerosol. These can be tracked using Ca2+ and Na+ as tracers, respec-

tively. There were episodically high iodate concentrations in some surface snow

samples. Iodate was well correlated with Ca2+ in the few instances where elevated

Ca2+ was observed and where depth-paired iodate measurements were available

(Fig. 5). Excluding the instances of high Ca2+ input (the samples with ∼5000 and

∼20 000 ppbw Ca2+), there is not a strong correlation between iodide or iodate

with Ca2+, therefore this relationship is only a good predictor when the Ca2+ load

Fig. 5 Correlation between iodide and iodate with sodium and calcium (in part per billion

by weight, ppbw) in surface snow samples.
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is high. Mineral dust as a source of iodate has been identied in several studies,

including the AMT21 cruise between the UK and Chile,75 where Saharan dust was

associated with the highest iodate measurements during the campaign. Similarly,

the highest TII concentrations observed in aerosols during Meteor cruise 55 were

observed just off the West coast of Africa, which was subject to the highest levels

of input from dust and other aerosol sources.76 Iodide was less strongly correlated

to Ca2+, indicating that an additional source other than dust could also be

responsible for elevated iodide at the snow surface.

For our samples, there was one incident of high dust input, marked by “visible

dust” on the snow surface (sampling event PS122_3_33_66, on the 25th March

2020). Samples collected during this event had iodide and iodate concentrations

of 65.4 and 797 nM respectively at snow between 5 and 7.5 cm above the snow–ice

interface, and 15.6 and 245 nM, respectively, from 7.5 cm up to the snow surface.

These levels can be compared with mean surface concentrations of 0.76 ±

0.77 nM iodide and 7.4 ± 30 nM iodate observed in the remaining surface snow

samples. Ca2+ was not measured at these particular snow depths, however at 1–

4 cm above the snow–ice interface, the calcium concentration was 1.03 × 106

ppbw, the highest measured during the campaign (the mean and standard

deviation for the reported snow samples, excluding this sample, was 2685 ± 9457

ppbw). Due to the mismatch in sampling depths, these could not be considered

a true matched pair, therefore were not included in Fig. 5, however, they add

further evidence to support iodine input from dust to the Arctic snow. Iodate and

ne dust load were closely linked in Talos Dome Antarctic ice core samples,77

consistent with the current work.

To investigate a potential sea-salt aerosol (SSA) source of iodine, Na+ was used

as a tracer. Both iodide and iodate were correlated with elevated Na+ concentra-

tions, indicating some inuence of SSA, with both correlations satisfying statis-

tical signicance (p < 0.05 in both cases, Fig. 5). There were however instances of

elevated iodide (up to 1.5 nM) without evidence of signicant dust or SSA input

(i.e. with sodium and calcium concentrations close to zero), the source of which is

presumably due to non-SSA input.

Aerosols as an iodine source. Deposition of marine aerosols could be an effi-

cient source of iodine to the snowpack, due to their enrichment of iodine, relative

to seawater. Marine aerosols from non-polar regions are known to be enriched in

iodine. Iodine speciation data in aerosols, including total iodine EFs, was collated

by Gómez-Mart́ın (2022) from several sources, for 11 cruises and from one xed

site.78 All reported samples (206 collated observations in total) were enriched in

total iodine; EFs ranged from 27 to 3105, median EF = 216.

In the Arctic, while there are fewer studies available, marine aerosols are also

enriched in iodide relative to seawater. In the Canadian Arctic, EFs ranged

between 100 and 10 000, with a minimum EF in winter, and a peak EF in summer

and early autumn.10 A further Arctic study obtained EFs of total iodine in aerosol

(relative to Br) of 2676 ± 2180, representing an extreme enrichment of iodine

relative to seawater.79 In a cruise between Shanghai and the Arctic ocean, aerosol

iodine was again consistently enriched, ranging from EF = 144 to 20 675 across

the whole cruise track.80 The extreme enrichment of iodine inmarine aerosols can

be explained by the uptake of gas-phase iodine to existing aerosol.28,81 This is part

of the halogen recycling mechanism described by R1–R7.
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In the MOSAiC snow samples, the enrichment of iodide in the surface snow-

pack showed some seasonality, with an increase in the EF through late summer

(July to September, Fig. 2). During late summer, the surface snow is largely

composed of the surface scattering layer, which consists of partially melted sea

ice. The changing composition of the sample substrate from snow to partially

melted sea ice could be a potential reason for the change in EF (however iodine

speciation in ice was not measured during MOSAiC to conrm this). Another

potential reason for the change in EF is changing air masses affecting atmo-

spheric deposition. The back trajectories of the air masses impacting the

sampling were compiled to investigate the source air for deposition (Fig. 6). These

back-trajectories were calculated for air arriving at the location of the RV Polar-

stern, at a maximum altitude of 100 m, over the last 7 days. Throughout late

summer, it is seen that the air masses had quite different inuences, compared to

earlier in the year. During July and August, the air masses arriving at the MOSAiC

dri track spent a higher percentage of time over the ocean and mixed ice/ocean,

compared to earlier in the year. It was previously reported that Antarctic aerosols

which had greater exposure to the ice-front in the previous 48 hours had higher

concentrations of total dissolved iodine.82 The increasing EF of iodide in snow

during this period could therefore reect an increased EF of iodide in deposited

aerosol during the same period.

Iodine speciation in surface snow

The molar ratio of iodide : iodate at the snow surface, shown in Fig. 2 (row c), dis-

played seasonal trends. During the polar night there were approximately equal

instances of iodide and iodate being the dominant form of iodine in the surface

snow, presumably reecting chemical differences in the source of iodine to the

snow (potentially from deposited aerosols). There was a sharp decline in the iodide :

iodate ratio in March, coincident with the polar sunrise, aer which it decreased to

values close to the ratio measured for seawater samples collected during MOSAiC

(seawater iodide : iodatemolar ratio of 0.13). Another study reported concentrations

of iodide and iodate in snow collected in Svalbard just aer polar sunrise, from

Fig. 6 Back trajectories for air parcels arriving at the MOSAiC cruise track, covering 7 days

and 100m in altitude. Calculations not performed for periods where the RV Polarsternwas

in transit.

Faraday Discussions Paper

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

6
 D

ec
em

b
er

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/7
/2

0
2
5
 1

:5
9
:1

7
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



which a molar ratio of 0.6 was calculated, however these concentrations were from

snow at a depth greater than 42 cm from the snow–air interface.55

The large variation in iodide : iodate molar ratio during the polar night was

investigated, assuming the main source of iodine to the surface snow was aerosol

deposition. Where speciation of iodine in Arctic aerosols has been reported, there

is a similarly large range in ratios. On a cruise between 65 to 85 N, between 31st

July and 5th September 2008, an aerosol iodate to iodide ratio of 6.6 ± 4.0

(equating to an iodide to iodate ratio of 0.15) was obtained.80 Conversely, during

a cruise in the Arctic ocean between July–September 2003, the mean concentra-

tions of iodide and iodate in aerosol respectively were 13.8 ± 12.7 pmol m−3 and

0.04 ± 0.07 pmol m−3, giving an average iodide : iodate ratio of 345.79 A further

study demonstrated that in the ocean between Australia and the Antarctic, and on

the Antarctic coast, iodide was present in a higher abundance than iodate in

aerosols (mean iodide : iodate ratio of 4.5), however, both were lower in abun-

dance than organic iodine.82 The large variation in iodine speciation in Arctic

aerosols was previously attributed to differences in sea-ice extent between

sampling campaigns,79 however large variations in iodide : iodate ratios were also

observed within campaigns; iodide : iodate ratios in one Arctic expedition ranged

from 0.08 to 5.80 The differences in the dominant iodine species between and

within campaigns demonstrates the complex cycle of iodine cycling within the

Arctic atmosphere and cryosphere. Variation in iodide : iodate ratios in aerosol

could contribute to the large variety of iodide : iodate ratios observed in surface

snow during polar night during the MOSAiC cruise.

Under the inuence of light, the sharp decrease in the iodide : iodate ratio could

be caused by photochemical oxidation of iodide in the snow and volatilisation of the

products. This has been demonstrated in the lab,46 and in the eld.44 Our results

indicate that iodide is more readily photo-liberated than iodate. As light begins to

decrease from July onwards, there are once more instances of high iodide : iodate

ratios. The trend in iodide : iodate ratios could indicate a steady state during early

summer whereby iodine (in particular, iodide) is photochemically liberated from

snow, accumulated in particles and re-deposited. As light decreases in late summer,

less photo-liberation occurs, while deposition continues, causing an increase in

iodide and the iodide : iodate ratio. This hypothesis is consistent with the increase

in iodide EFs observed during late summer (Fig. 2 row e). Photo-liberation during

the day and accumulation in aerosols would result in higher aerosol iodine

concentrations during the day and higher snow iodine during the night. We note

that observations in the marine atmosphere at Mace Head, Ireland showed signif-

icantly higher concentrations of aerosol iodide during the day compared to night-

time.83 In snow, total iodine peaked at night-time, and was at its lowest in sunlit

hours, again consistent with photo-chemical liberation.54

Atmospheric implications

Having provided evidence that suggests that photo-chemically driven liberation of

iodine from the surface snowpack takes place during Arctic summer, we next

attempt to broadly estimate the potential magnitude of this emission from the

snowpack to the atmosphere. Due to the minimum in the iodide concentration

during the sunlit period, as well as the reduction in the iodide : iodate ratio

coinciding with polar sunrise, we assume that iodide is photochemically
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converted to I2, as discussed in the introduction, and that this takes place in the

top 5 cm of the snowpack; this corresponds to the depth over which incident UV-

vis light is attenuated to 1/e of its incident irradiance in Arctic surface snow.84

In the work of Raso et al., (2017),44 the maximum interstitial air concentration

of I2 was calculated from eqn (2). The iodide concentrations used were average

concentrations from samples within 5 cm of the snow–air boundary. The volume

of liquid was obtained from the snow water equivalent (SWE) of each sample,57

with a 9% assumed freezing expansion applied, and the air volume was 1 − Vliq.

The molar volume of air (mvair) was 20.8 L mol−1 (for air at −20 °C), chosen to

reect the conditions of the Raso et al., (2017) experiment.44

½I2� ¼ ½I�� �
1 mol I2

2 mol I�
� Vliq �

1

Vint air

�mvair (2)

Following this procedure, the maximum potential I2 in the interstitial air was

calculated assuming complete conversion of iodide. Maximum interstitial mixing

ratios of between 41 pptv and 33 000 pptv were calculated. To account for

incomplete conversion of iodide to I2, a scaling factor was calculated based on the

work of Raso et al., (2017).44 Using their reported iodide concentration of 2 nM

and eqn (2), we obtain amixing ratio of∼14 000 pptv I2 for complete conversion to

I2. Their maximum measured interstitial mixing ratio of 22 pptv I2 results in

a scaling factor of 22 pptv/14 000 pptv to account for incomplete conversion. The

resulting interstitial I2 mixing ratios obtained in this work were between ∼0.09

and 50 pptv (Fig. 7a), reecting the range in iodide concentrations in different

snow samples.

These interstitial air concentrations were converted to an emission of I2 (FI2)

from the snowpack following the methodology of Michalowski (2000),85 shown in

eqn (3), where the transfer coefficient kt = 1.25 × 10−5 s−1, Vpbl/Vint air is ratio of

the volume of the planetary boundary layer to the interstitial air for a unit area,

Dsp is the depth of the snow I2 is being produced in, and [I2] is the interstitial I2
concentration. The volume of the boundary layer is calculated from the daily

mean planetary boundary layer height (PBLH) from a single-column atmospheric

chemistry and meteorology model.86

FI2 ¼ kt �
Vpbl

Vint air

�Dsp � ½I2� (3)

An emission rate of between 1× 10−15 and 8× 10−13 kgm−2 s−1 of I2 was calculated

for the scaled interstitial I2 mixing ratios (Fig. 7b). At 275 K, the oceanic emission

Fig. 7 (a) Interstitial I2 mixing ratios (in parts per trillion by volume, ppbv) predicted from

photolysis of iodide, scaled according to interstitial I2 measurements in Raso (2017).44 (b) I2
emission rates, resulting from the calculated interstitial concentrations.
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rate of iodine (I2 and HOI) is expected to be on the order of∼1× 10−12 kgm−2 s−1,87

therefore the estimated upper limit of the emission of I2 from photolysis of iodide in

snow could be comparable to oceanic emissions, on an area-by-area basis. Peaks in

both spring and autumn are observed in the predicted emission rates. During

summer, there are lower predicted emission rates, consistent with a steady state of

photochemical liberation and redeposition of iodine during these months. The

springtime peak in the emission is consistent with IO concentrations observed

during MOSAiC, reaching a springtime peak of ∼3 pptv, compared to summer

values around or below ∼1 pptv.16 An autumn peak in IO was not however observed

during MOSAiC, indicating that a more nuanced scheme of iodine photolysis in

snow is required for complete understanding. We observe less evidence for

photochemical release of iodate from the snowpack, however iodate has also been

shown to be photochemically liberated.48 Laboratory or eld work on the relative

rates of photochemical reactions of iodide and iodate in snow would allow iodate's

potential contribution to gaseous reactive iodine species to be assessed.

Conclusions

In summary, we nd that photolysis of iodide in surface snow has the potential to

contribute signicant emissions of reactive volatile iodine to the Arctic atmo-

sphere. Our data do not support efficient transport of iodine from the underlying

sea-ice to the snow surface nor any signicant enrichment of iodine at the base of

the snow. Thus, it appears that a seawater source of iodine is unlikely to be

transferred to the atmosphere in instances where there is ice and/or snow cover.

Under-ice biological enrichment of iodine and transport through sea-ice brine

has been widely applied as an Antarctic atmospheric iodine source,38 but our

results show this is likely not applicable in the Arctic, even over rst year ice.

Instead, the origin of the iodine in surface snow appears to be linked to the

salinity of the snow and the prevalence of air mass origins from the ocean, sug-

gesting a source from iodine-enriched marine aerosol. Tentatively, we also nd

evidence that dust deposition to snow provides an iodate source, in agreement

with previous ndings.77 In future eld work, it would be valuable to extend the

current knowledge base by obtaining concurrent measurements of IO and I2 in

the polar atmosphere alongside snow depth proles of the same measurements.

When coupled with complementary measurements including iodide, iodate, light

levels and interstitial air volumes, a more sophisticated model of reactive iodine

production in the snowpack could be developed. This would reduce uncertainty in

I2 emission rates, shed light on the fundamental mechanisms of iodine snow

photochemistry, and allow more accurate modelling of atmospheric IO and

subsequent impacts on the depletion of tropospheric ozone due to halogen

chemistry. Concurrent measurements in both snow and atmospheric aerosol of

speciated iodine along with the major ions are also required to conrm the

sources of iodine to the polar snow surface.

Data availability

The iodine speciation data supporting this research are available for download

from the research data repository of the University of York at https://doi.org/

10.15124/35dfdf15-42f3-454b-9e61-1d05a6a01e34.
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A. Onnela, T. Petäjä, J. Pfeifer, M. Philippov, A. Ranjithkumar, A. Saiz-Lopez,

I. Salma, W. Scholz, S. Schuchmann, B. Schulze, G. Steiner, Y. Stozhkov,
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of iodine oxoacids in atmospheric aerosol nucleation, Science, 2021, 371,

589–595.

Faraday Discussions Paper

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

6
 D

ec
em

b
er

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/7
/2

0
2
5
 1

:5
9
:1

7
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



25 H. Finkenzeller, S. Iyer, X. C. He, M. Simon, T. K. Koenig, C. F. Lee, R. Valiev,

V. Hoauer, A. Amorim, R. Baalbaki, A. Baccarini, L. Beck, D. M. Bell,

L. Caudillo, D. Chen, R. Chiu, B. Chu, L. Dada, J. Duplissy, M. Heinritzi,

D. Kemppainen, C. Kim, J. Krechmer, A. Kürten, A. Kvashnin,

H. Lamkaddam, C. P. Lee, K. Lehtipalo, Z. Li, V. Makhmutov,

H. E. Manninen, G. Marie, R. Marten, R. L. Mauldin, B. Mentler, T. Müller,
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