nature communications

Article https://doi.org/10.1038/s41467-026-71146-z

Direct observations of atmospheric oxidized
mercury speciation in polar areas
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Mercury is a persistent pollutant with significant public health impacts in polar
regions where fish consumption drives human exposure. Atmospheric oxida-
tion pathways control where mercury deposits globally, but the lack of
molecular-level observations of oxidized mercury products has hindered the
validation of proposed chemical mechanisms. Here, we show the in-situ online
detection of individual mercuric halides (HgCl,, BrHgCl, HgBr,, CIHgI, BrHgl,
and Hgl,) in the polar boundary layer using atmospheric pressure chemical
ionization mass spectrometry. Our observations identify HgBr, as the domi-
nant oxidized mercury species at both poles, while HgCl, and other halides
were also observed in Antarctica. The observed speciation diverges from
current model predictions, which favor HgCl, and HOHgBr as dominant oxi-
dized forms. Our results show that real-time molecular measurements can
substantially advance global mercury monitoring and improve the chemical
models used to assess environmental policies and predict deposition patterns.

Understanding mercury speciation in the atmosphere is crucial for
identifying the lifecycle of mercury contamination in the environment.
Atmospheric elemental mercury (Hg°) is relatively inert and insoluble,
allowing it to persist (lifetime of 6-20 months) and be transported
globally**. Hg® oxidation by halogen and hydroxyl radicals®* converts it
to soluble gaseous oxidized mercury (Hg", collectively known as GOM)
that is rapidly washed out by precipitation**. GOM drives roughly half
of all atmospheric mercury deposition®, with models estimating that
up to 80% of Hg" deposition occurs over the ocean®®. Once deposited,
Hg® methylates in aquatic systems to form neurotoxic methyl mercury
that further bioaccumulates in fish and wildlife’. Polar regions are
hotspots for this cycle, especially during spring when photochemical
activation of saline snowpack releases reactive bromine, triggering
ozone-depletion events and rapid Br radical oxidation of Hg® to Hg"

within hours®. This intense halogen chemistry leads to seasonal GOM
deposition pulses, which, upon incorporation into marine food webs,
threatens Arctic communities dependent on seafood® ™. However, an
ongoing uncertainty in polar Hg budgets, as well as an understanding
of global Hg cycling in general, is the lack of methods to directly
measure the molecular speciation of oxidized mercury.

The balance between atmospheric Hg® and Hg" is driven by
complex redox chemistry that remains highly uncertain*". This hin-
ders our understanding of the major reaction pathways of atmospheric
Hg and predicting Hg inputs to ecosystems. Much of the current
knowledge about this chemistry derives from quantum chemical
calculations*" and chemical-transport models®>. Despite chemical-
transport models now tracking 20-30 GOM tracers*”, their predic-
tions rest on theoretical rate constants and pre-concentrated denuder
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data that are subject to various biases'. Laboratory kinetic experi-
ments, as well as direct, real-time molecular field measurements, have
remained mostly out of reach due to the extremely low ambient con-
centrations (pg m-3) and toxicity of Hg""¢, leaving key reaction path-
ways unvalidated. Conventional GOM measurement methods rely on
hours-to-days of pre-concentration on KCl denuders” or cation-
exchange/nylon membranes''*'* followed by offline analysis, which
limits molecular detail and time resolution and hinders direct
molecular-level validation.

In this work, we present direct in-situ observations of several
mercuric halides in the polar regions, using the nitrate-based Chemical
lonization—Atmospheric Pressure interface—Time of Flight (CI-APi-
TOF) mass spectrometry technique together with ambient anion
composition measurements (APi-TOF)*>*. In Antarctica, measure-
ments ran over the 2014-2015 austral summer at the Finnish research
station Aboa (73°03’ S, 13°25’ W)*. In the central Arctic, the data from
the spring leg (April-June 2020, > 80° N) of the MOSAIC expedition
were analyzed alongside collocated O3, BrO, and Hg® observations®,
Further details are provided in the methods section. Our observations
reveal unexpected GOM speciation that challenges existing models of
Hg redox chemistry and provides critical data to refine global mercury
deposition patterns.

Results

Molecular identification of mercuric halides

Using the CI-APi-TOF, we directly detected neutral mercuric halides in
ambient air at both polar sites, confirming each species by exact mass-
to-charge ratios and natural abundance isotope patterns (Table S1). In
Antarctica, six mercuric halides were identified: HgCl,, BrHgCl, HgBr»,
ClIHgl, BrHgl, and Hgl, (Fig. 1), all observed exclusively as NO5™ clusters
(e.g. as HgBr,'NO5"). In the central Arctic, HgBr, was the only detected
neutral species in April (Fig. 2), and by June the signal was below limit
of detection (LOD, Fig. S1). Other GOM species were either below the

Antarctica, we also observed naturally charged ions corresponding to
HgCI,NO;~, BrHgCINO;, and HgBr,NO3™ (Fig. S2). In the central Arctic,
these naturally charged species were not detected, likely due to low
concentrations and a different inlet configuration that increased losses
(cf. Methods). These naturally charged ions are likely formed by
ambient NOj5 ions clustering with mercuric halides (Fig. S3). Similar
experimental evidence of ambient nitrate ion clustering has been
observed with highly oxygenated molecules (HOM) and sulfuric acid”.
The concurrent detection of neutral and naturally charged ions pro-
vides a robust validation of our findings of mercuric halides in the
ambient atmosphere.

We use theoretical calculations to further support the detection of
neutral mercuric halide clustering with NO5™ (cf. “Methods” for details).
Ab initio calculations of the XHgY + NO3;~ © XHgY- NO5™ equilibria
(X,Y=0H, Cl, Br, I) under typical inlet conditions (1 bar, residence time
Tres = 300 ms, [NO53]1=107 cm™3) yield equilibrium ratios >1 and slow
dissociation (Table 1) when assuming near kinetic limit charging of
XHgY species with NO;™ (k=10"°cm® molecule™ s™). This suggests
selective clustering of pure mercuric halides and a lack of sensitivity
towards species such as Hg(OH), or HOHgBr’. The absence of these
signals in the CI-APi-TOF reflects the selectivity of the chemical ion-
chemistry employed, rather than the true absence of these compounds
in ambient air. However, the observations are consistent with the APi-
TOF measurements, where neither anion nor cation measurements in
Antarctica showed any indication of Hg(OH), or HOHgBr ion cluster
signals in ambient air, which suggests either the absence of the com-
pounds at our measurement location or inefficient charging of these
compounds to form ions.

Abundance and comparison with conventional methods

We quantified the mercuric halide concentrations by utilizing the gas-
phase, kinetic limit calibration used with gaseous H,SO04*, which
ionizes with NO;™ mainly by proton transfer. This approach has been
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Fig. 1| Antarctic ambient-air mass spectra and time series of mercuric halides.
a-f Hourly-averaged example spectra of neutral mercuric halides charged by
nitrate ions. HgCl,'NO3~, BrHgCI'‘NO5;~ and HgBr,'NO;™ spectra were measured on
29 November 2014, and BrHgI:‘NO;~, Hgl,'NO3™ and CIHgI:NO;™ on 11 January 2015 at
Aboa, Antarctica. Black vertical bars show theoretical isotopic patterns, while
integrated peak areas were used to derive concentrations. The most abundant

isotopic composition is depicted with arrows. g-1 One-hour time series of the
corresponding mercuric halide concentrations. Dashed lines mark the limit of
detection (LOD, 30 + baseline signal; Table S2 and “Methods”), and grey shaded
regions indicate periods when the wind originated from the polluted sector
(210°-270°).
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Table 1 | Thermodynamic quantities and kinetics for
XHgY.NO;™ cluster ions (X,Y =OH, Cl, Br, 1) at 298K calcu-
lated at the B3LYP/aug-cc-pVQZ level of theory
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Fig. 2 | Central Arctic ambient air spectrum and time series of trace species.
a Mass spectrum of HgBr,'NO;™ recorded on 25 April 2020, with the theoretical
isotope pattern (red bars), b HgBr, concentration time series during the MOSAIC
campaign in the spring (15-29 April 2020). The dashed line depicts the limit of
detection (LOD). CI-APi-TOF data in (a) and (b) are averaged over 180 min to
improve signal-to-noise ratio, ¢ Collocated gaseous elemental mercury (GEM, Hg?)
measurements, and (d) Collocated ozone (O5) measurements.

oxygenated organic molecule concentrations®. Ab initio calculations
of the XHgY + NO;~ ¢ XHgY-NO3~ equilibria yield large binding
enthalpies (Table 1) and cluster lifetimes giss » Tres (<300 ms). However,
the equilibrium ratios [XHgY-NO5~1/[XHgY] (= 1-5) are not »1, implying
lower ionization efficiencies. Thus, the concentrations reported here
should be viewed as lower limits.

Time series of Antarctic mercuric halides (Fig. 1, right column) are
reported in pg Hg m™3 at standard temperature and pressure (STP) to
facilitate comparison with prior GOM studies. Mercuric halides are
abundant and chemically diverse in Antarctica, exhibiting periods
when HgBr, and HgCl, peak at several hundred pg Hg m™. On January
11, three mercuric iodide species were identified: Hgl,, BrHgl, and
ClIHgl. All compounds show values above the LOD, which is estimated
between 25 and 37 pg Hg m™ for 60 min time resolution (Table S2 and
“Methods” for LOD determination). Note that the LOD is determined
using three times the standard deviation of the measured baseline
during the whole campaign; this baseline changed with environmental
conditions such as temperature inside the measurement cabin. Thus,

Clusterion  AH° AG° Keq /cm?® kgiss /8" Equilibrium
/kJmol™ /kJmol"' molecule™ ratio
[XHgY.NO31/
[XHgY]
HOHgBr.NO3z~ -93.9 -54.1 1.2x10™ 0.81 1.2x107
Hg(OH),.NO; -84.7 —44.1 2.2x10™ 44.8 2.2x10°°
HgCl,.NO3~ -107.7 -73.6 3.2x107 3.1x10™% 3.2
BrHgCLNOs;~ -108.0 -72.3 1.9x107 52x10™ 1.9
HgBr,.NO3~ -108.3 -74.63 5.0x107 2.0x10™ 5.0
BrHgI.NO3™ -107.0 -7.4 1.3x107 7.6x10™ 1.3
Hgl,.NOg~ 1059  -72.0 17%107 5.8x10" 1.8

The reaction enthalpy and Gibbs energy changes are indicated respectively by A,H° and A,G°.
The equilibrium constants (Keq) between XHgY + NO3™ and XHgY-NOgz~ were obtained from ab
initio calculations of A,G°. These were further used to calculate cluster dissociation rates Kqiss
and equilibrium ratios for typical Cl-inlet working conditions (p =1 bar, residence time = 300 ms,
[NOg1=10"ions cm™), assuming near kinetic limit charging of XHgY species with NO3"
(k=10""cm?s™ molecule™) Geometries of clusters can be obtained from Sl.

the given LOD values should be taken as conservative values. In Ant-
arctica, the abundance of HgBr, is potentially controlled by the pre-
sence of atmospheric bromine (Fig. S4), as evidenced by the moderate
to strong correlation (r =0.72) between the HgBr, signal and the Br~
signal (78.9189 Th, Thomson, likely from HBr*°).

In the central Arctic (Fig. 2), HgBr, reached ~-80 pg Hg m~3 during
April but fell below the LOD by June (Fig. S5). Other halides, neutral or
naturally charged, were undetected or spectrally unresolved
throughout the observation period. Although ship emissions intro-
duced an abundance of interfering peaks, CI-APi-TOF measurements
of H,SO,4, CH;SOsH, HIO3; were mostly unaffected, indicating negli-
gible effect on the mass spectrometric measurements*. Hence, we can
infer that stack emissions during MOSAIC and pollution from the Aboa
station are not the source of GOM (Figs. 1, S5). Collocated Hg° data®>*
reveal that HgBr, maxima coincide with Hg® depletion events, mir-
roring ozone variability and underscoring the tight coupling of mer-
cury speciation to bromine photochemistry*".

The total concentration of mercuric halides in Antarctica (inter-
quartile range, IQR, 29-110 pg Hg m™, full range: <LOD - 1177 pg Hg m™)
lies well within the 5-705 pg Hg m™ range reported across Antarctica by
pre-concentration methods that lumped together all Hg" compounds™
(Fig. 3). In the central Arctic, springtime HgBr, concentrations during
MOSAIC (IQR 17-49 pg Hg m™) mirror reactive gaseous mercury Tekran
measurements at the Canadian Alert station in April 2020 (IQR 29-70 pg
Hg m™) and at the Svalbard Zeppelin station in April 2019 (IQR 6-24 pg
Hg m?)*4°, Because Tekran measurements have been suggested to
underestimate total GOM concentration'*, we also compared our data to
reactive mercury (GOM + particulate Hg) values from cation-exchange
membrane detection at Zeppelin (IQR 37-86 pg Hg m>)***, We note,
however, that the reactive mercury measurements also include also a
contribution from particulate Hg*, which would not be measured by CI-
APi-TOF.

Comparison with model simulations

The close agreement across methods indicates that HgBr, constitutes
a major fraction of spring GOM in the polar regions, contradicting
current atmospheric models and our understanding of Hg redox
chemistry. GEOS-Chem, a Hg chemical-transport model, predicts that
oxidized mercury is dominated globally by HgCl, (49%), followed by
particulate Hg (22%), Hg(OH), (19%), and HOHgBr (9%), reflecting
oxidation via the Br, OH, and Cl pathways, which all involve second-
step oxidation by 05**". The WACCM chemistry-climate model also
reports HgCl, to be the dominant atmospheric oxidized mercury
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Fig. 3 | Comparison of CI-APi-ToF measurements with gaseous oxidized mer-
cury (GOM) observations from other studies. a Box-and-whisker plots (inter-
quartile range, IQR, min-max) of GOM in the central Arctic and Antarctica. MOSAIC
CI-APi-TOF measurements from this study are from April 2020. Alert Tekran GOM
measurements were from the Environment and Climate Change Canada network

for April 2020. Zeppelin (Svalbard, Norway) April 2019 measurements of GOM from
a Tekran instrument from Osterwalder et al.*” b Tekran GOM measurements for
Antarctic sites were reviewed in the literature by Dommergue et al.>® and spanning
all seasons.

species, with a minor contribution (< 0.1%) of HgBr, globally*’. Pho-
tochemical model simulations of the polar springtime period predict
that HgCl, and HOHgBr are the major components of GOM, with other
Hg" species contributing minor amounts ( < 0.3%) (Fig. S6). Compared
to these modeling estimates, the CI-APi-TOF observations reveal that a
much broader range of Hg" species contribute to the total observed
GOM mass concentration in the polar regions. In the central Arctic
spring, HgBr, was the only GOM species detected above the LOD,
accounting for essentially all of the CI-APi-TOF-measured GOM mass
(Fig. 2), directly contradicting model predictions. In fact, the only point
of agreement between existing models and our measurements in
Antarctica is the presence of HgCl, as an important oxidized Hg spe-
cies. Because CI-APi-TOF does not detect HOHgBr or Hg(OH),, their
true ambient levels remain unknown, but the agreement and similarity
of the measured mercuric halide concentrations to previous GOM
measurements suggest that the species detected here are major con-
tributors to the GOM mass. Therefore, the discrepancy between
modelled and detected species points strongly to missing reaction
channels in current chemistry schemes, including the role of iodine in
oxidizing mercury.

These discrepancies have profound implications for deposition
estimates. Each Hg" species exhibits unique photolysis rates, particle
uptake efficiencies, and solubilities'>">****, These are the properties
that govern atmospheric lifetime and hence transport distance. For
example, HgBr, photolyzes roughly three orders of magnitude faster
than HgCl,*. Thus, if HgBr, is a more dominant GOM species than
HgCl,, as our measurements suggest, this would enhance the photo-
reduction of GOM and reformation of Hg®, increasing the possibility of
long-range transport of Hg. Refining the Hg chemistry schemes in
chemical transport models to better represent measured Hg" specia-
tion could lead to strong shifts in regional deposition patterns, with
direct consequences for ecosystem exposure assessments.

Discussion

The direct molecular identification of gas-phase mercuric halides in
polar field campaigns with CI-APi-TOF constitutes a major step forward
in unravelling atmospheric mercury recycling. By revealing the unex-
pected dominance of pure halides, particularly HgBr, and the pre-
sence of mercuric iodides (Hgl, BrHgl, CIHgI)*, our observations
expose critical gaps in current redox-chemistry schemes and under-
score the need to revisit the mechanisms that govern Hg° oxidation.
Further analysis of these new speciation insights is required to identify
the missing chemical reactions that can be incorporated into chemical

transport models. The inclusion of these missing pathways will
improve predictions of regional mercury deposition and help clarify
how photolysis, heterogeneous reactions, and halogen availability
drive the polar mercury cycle.

Reanalysis of archived CI-APi-TOF datasets from earlier ground-
based’, shipborne*®, and airborne** campaigns could further illumi-
nate GOM speciation trends across seasons and environments. Going
forward, targeted calibration of individual mercuric halide responses
and strategic deployments of CI-APi-TOF instruments will extend real-
time molecular speciation into urban, marine, and free-tropospheric
settings. Such comprehensive speciation data will deepen our under-
standing of oxidation pathways and Hg recycling on a global scale,
ultimately guiding more accurate assessments of ecosystem exposure
and informing mitigation efforts under frameworks like the Minamata
Convention on mercury.

Methods

Sampling location in Antarctica

This study conducted observations during two campaigns in polar
regions. In Antarctica, measurements took place at the Finnish
research station Aboa (73°03’S, 13°25'W), in Queen Maud Land, located
~130 km inland from the coast at 480 meters above sea level. Spanning
the austral summer months with midnight sun conditions, the cam-
paign lasted from November 2014 to February 2015. The aerosol
laboratory utilized in the campaign was situated ~200 m upwind from
the main station and any pollution sources®. Polluted periods when
the wind was blowing from the main station (wind direction 210-
270°)*° were occasionally observed, but do not have any significant
effect on the measurements (Fig. 1). Data availability extends over the
whole austral summer, but only a period after 21 December was con-
sidered in this study due to a suspected leak in the mass spectrometric
system prior to this date. For all other campaign measurements
(meteorological parameters, aerosol number concentrations, and
aerosol precursor concentrations) refer to Jokinen et al.>*.

Sampling location in the Arctic

In the central Arctic, observations were conducted as part of the ship-
based Multidisciplinary Drifting Observatory for the Study of Arctic
Climate (MOSAIC) campaign on R/V Polarstern®. The CI-APi-TOF was
located in the bow of the ship in the “Swiss container” and the APi-TOF
in the container behind the Swiss container. This Arctic campaign
unfolded from October 2019 to the end of September 2020 in the
central Arctic region®. We selected a springtime period (April 2020)
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for further investigation due to the event known as a “bromine
explosion” in the springtime Arctic atmosphere. In addition, we
selected another period in late spring-early summer (June 2020) to
understand the relevance of oxidants (ozone, bromine) to our obser-
vations. The location of the ship during the spring leg 3 can be visua-
lized from Fig. 2 in Shupe et al®. The disadvantage of executing
measurements on a drifting vessel is that the pollution from the ship’s
exhaust can be pushed towards the sampling location with the wind.
The wind direction was often unfavorable for measuring pollution-free
air masses during spring. Due to this, we used a pollution mask that
was developed for detecting particle pollution from the ship’s stack®.
The effects of the pollution in our measurements, particularly on the
identification of peaks in the mass spectra, is discussed below.

Chemical ionization—atmospheric pressure interface—time-of-
flight mass spectrometer (CI-APi-TOF)

In both campaigns, a nitrate-based CI-APi-TOF mass spectrometer
(Tofwerk, Switzerland, “HTOF”, with finite resolving power of
approximately m/Am = 4000-4500) with a so-called “Eisele” type ClI-
inlet was employed®. In short, the CI-APi-TOF consists of three core
parts: the chemical ionization inlet, atmospheric pressure interface,
and the time-of-flight analyzer. In the Cl-inlet, charger ions are pro-
duced by exposing concentrated nitric acid (HNO3, 3-5 mlpm) con-
tained in a sheath flow (20-30 Ipm) to a soft X-ray source. The total
flow of the system was 30-40 Ipm in order to achieve the best iso-
kinetic flow dynamics. The difference between the total and sheath
flow is equal to the sample flow of approximately 10 Ipm, which was
checked weekly. The two flows inside the Cl-inlet are coaxial to elim-
inate any interaction with the walls. The drift time (reaction time)
between the sample and charger ions is ~300 ms, which prevents ion-
induced nucleation occurring inside the inlet. Sample ionization in the
CI system occurs at ambient pressure for better sensitivity than low
pressure systems. The charger ions (NO5~, (HNO);,NO3") produced
are pushed into the sample flow using an electric field (ion source -125
V, drift tube -100 V). Sample charging happens through proton
transfer between nitrate ions (or its multimers) and the sample mole-
cule or via clustering of the sample compound (e.g in the case of HgBr,
or oxygenated organic molecules) with the charger ion. All reported
mercury-containing compounds in this study were detected with a
NOj3 ion (e.g. as HgBr,NO3").

In Aboa, the sample was drawn in via an unheated -60 cm 34”
polished stainless-steel tube. In the MOSAIC campaign, we used an
insulated but unheated “New Particle Formation” NPF-inlet that was
specifically designed to minimize diffusional losses with high inlet total
flow of about 70 Ipm. The NPF-inlet was ~1.3 m long, with a diameter of
10.2 cm, connected to the 34” inlet tube of the Cl-inlet with a flange.
Even when operated at extreme conditions in polar regions, the inlets
do not frost due to high flow rates and no salt depositions were
observed. The residence time of the sample air in the sampling line is
approximately 1s (60 cm tube with 10 Ipm flow), which is likely too fast
to cause any significant wall effects on the ambient samples.

Atmospheric pressure interface time of flight mass spectro-
meter (APi-TOF)

The APi-TOF consists of an Atmospheric Pressure interface (APi) that
allows sampling from ambient air directly to the time-of-flight (TOF)
mass spectrometer’. The TOF analyser is identical with the CI-APi-TOF
(Tofwerk, Switzerland, “HTOF”, with finite resolving power of
approximately m/Am = 4000-4500). The sampling flow to the
instrument is -0.8 Ipm through a 0.3mm diameter pinhole. The
ambient air sample is drawn to the pinhole at 10-20 Ipm using a
vacuum pump. The inlet in Aboa was a polished stainless-steel tube,
10 mm in diameter, with a 10 Ipm flow rate and approximately 1m in
length. In MOSAIC, we had to opt for a vertical inlet line, again made of
10 mm stainless-steel, through the roof of the container. This inlet was

~2m in length with a core sampling style inlet sampling at 20 Ipm to
decrease diffusional losses. The length of the inlet might have caused
some decrease in the ion signal.

In Aboa and MOSAIC, most of the campaign was sampled using
negative polarity settings to sample anions. This is to target observa-
tions of mostly acidic and highly oxygenated organic compounds and
molecular clusters, connected to new particle formation events. In
Aboa, we sampled two days of cations in positive polarity between 26
and 29 January and a week during MOSAIC at the end of July.

The observations represent the naturally charged molecules and
clusters produced mainly by cosmic radiation. The decay of radon also
produces ions, but the concentration is extremely low over the ocean
and in Antarctica. lon collisions with neutral molecules will transfer the
charge in energetically favourable situations. In the case of anions, the
most abundant signals in daytime are bisulfate, iodate and their clus-
ters, and nitrate ions during nighttime. In positive polarity, strong
bases such as pyridines dominate the spectra®.

Quantification of mercuric halides

The data analysis for this study was conducted using tofTools software
version 613 built on Matlab®. The analysis employed an average time of
180 min for MOSAIC data and 60 min for Aboa data. The original data
time resolution was 5s. Both CI-APi-TOF data sets were baseline cor-
rected. Mass calibration was performed utilizing the known com-
pounds in the spectra. The Aboa spectra were mass calibrated using
the 2-parameter model with 3 most favorable options from NO;,
HNO3NO37, (HNO3)2NO37, (HNO3)3NO37, chlzNO:{ and HgBerO:{.
The mean mass accuracy was 5.3 ppm and always <15 ppm. MOSAiC
spectra were mass calibrated using the same 2-parameter model and 3
most favorable options from NO,, NO,[**0], HNO;NO,[**0OT,
(HNO3),NO,[*®*0]", C5Fs0, . The mean mass accuracy was 2.9 ppm and
always <5 ppm.

The concentration of mercuric halides was calculated as:

Mercuric halide-NOj3 peak area

1
>~ Reagent ion peak area x€ @

[mercuric halide]eysrq =

where [mercuric halidel,eutrar is the calculated concentration (in
molecules/cm®) of the neutral measured mercuric halide, mercuric
halideNO3™ peak area is the measured signal including all detected
isotopic peaks as integrated peak area. The reagent ion peak areas are
the sum of the observed nitrate signals (fitted peak areas): NOs",
HNO3;NO;™ and (HNOs),NO5". C is a calibration factor. C was obtained
from a sulfuric acid calibration in molecules cm® which is commonly
used in aerosol precursor observations. For Aboa, C=1.195x10%
molecule cm?and MOSAIC C = 6 x 10° molecule cm™. Both calibrations
were done using the original inlet tubing, so the calibration factor
includes all diffusional losses.

The conversion from molecule cm™ to mass concentration
(pg Hg m™) was calculated using a constant factor of 3.333x10™*
(=200.59 g mol™/6.02 x 10> molecule mol™ x 102 pg g™ x10°cm*m™)
to better compare with previous total GOM measurements.

Detection limit for mercuric halides
The sensitivity of the CI-APi-TOF instrument is relatively high with low
detection limits, only obscured by the baseline signal due to the con-
stant feed of charger ion-containing gas into the system, and electronic
noise. In our processing workflow (tof Tools), background correction is
always applied before further analysis. The limit of detection (LOD) of
the instruments used at Aboa (60 min time resolution, observations in
January 2015) and the MOSAIC (180 min time resolution, observations
in April 2020) campaign are given in Table S2.

For the present study, the limit of detection (LOD) was deter-
mined separately for the Aboa and MOSAIC datasets because the
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baseline characteristics and the presence of interfering peaks sig-
nificantly differed between the sites (Fig. S8).

Aboa: At Aboa, a 24 h period at the end of the campaign, between
26 and 27 Jan 2015, showed no detectable peaks at the m/z values of
any mercury-halide species. The LOD was calculated by adding three
times the standard deviation of the unit mass resolution signal (so
called signal integration region, SIR, 0.4 Th width) on the average
baseline deducted signal during this clean interval. This provided a
stable and physically meaningful baseline (LOD), independent of short-
term variability in temperature or counting statistics.

MOSAIC: At the MOSAIC site, the mercury-halide m/z values
always contained contributions from overlapping organic ions (double
or partially resolved peaks, Fig. S8). Consequently, a clean baseline
interval comparable to Aboa did not exist. Instead, we estimated the
noise from the inter-peak signal, i.e., the local minima between tran-
sient organic peaks. This region corresponds to the Noise Integration
Region (NIR) in tofTools.

Because the NIR represents the lowest ion counts within the same
Am/z extraction window used for quantifying the analyte (the Signal
Integration Region, SIR), it provides the most accurate and internally
consistent estimate of the noise when neighboring peaks are present.
The NIR can include low-level contributions from unresolved ions,
which results in slightly higher LODs compared to a clean SIR baseline;
however, this approach is standard for TOF mass spectrometers and
necessary for masses where true zero-signal periods do not exist. LODs
for MOSAIC were computed as 30 of this NIR signal for each m/z.

Estimating bromine content

We use the CI-APi-TOF and the APi-TOF to provide proxies for atmo-
spheric bromine content. In the CI-APi-TOF, Br™ signal is a trace of e.g.
neutral HBr. It could also originate from the Br~ fragment from other
bromine-containing molecules that charge with the aforementioned
charger ions. The identification of Br" is based on both the exact mass
and isotopic pattern. The peak areas normalized by charger ions (CI-
APi-TOF) and anion signal (APi-TOF) reported in Fig. S3 (Aboa) corre-
sponds to Br™ (78.9189 Th). For the Br- signal recorded during MOSAIC,
refer to Tham et al®’.

Polluted periods

In the case of MOSAIC, the mass spectra were occasionally heavily
polluted with exhaust from the ship’s stack. Pollution created abun-
dant signals on the same m/z unit masses as the studied mercuric
halides, and thus we may not always separate the mercuric halide
peaks (e.g. HgCl, or BrHgCl) from overlapping and dominant peaks at
the same mass. In order to separate nearby peaks with similar masses,
one should have mass resolving power owning instruments. Better
resolution instrumentation should to be used for mercuric halide
analysis in the future.

Ab initio quantum calculations

Calculations were performed with the Gaussian 16 suite of programs™,
using the hybrid density functional/Hartree-Fock B3LYP method
together with Dunning’s quadruple-C aug-cc-pVQZ correlation con-
sistent basis, augmented with diffuse functions™. The aug-cc-pvVQZ
basis set for Hg was taken from Peterson and Puzzarini**. The mole-
cular geometries of the XHgY molecules and the XHgY.NO;™ clusters
(X,Y =OH, CI, Br, I) were first optimized and their respective vibrational
frequencies calculated. The geometries, rotational constants, vibra-
tional frequencies and heats of formation (at O K) of the XHgY mole-
cules and the XHgY.NOj3™ clusters are listed in Table S3. The geometries
of the cluster ions are illustrated in Fig. S9.

Photochemical and kinetics model details
Simulations in a (photo)chemical box model with the latest mercury
chemical scheme*>"% (Table S4). The model allows all the Hg""

species to vary freely throughout the simulation, with their coupled
continuity equations (ordinary differential equations) solved by using
a Rosenbrock integrator. The simultaneous rate equations are con-
verted into the differential equations using the KPP 2.2.3 kinetic
preprocessor®®. The photolysis rates were calculated using the
absorption cross-sections, quantum yields and the actinic flux vertical
profile, computed using the Tropospheric Ultraviolet and Visible
(TUV) radiation model*’. The actinic fluxes during May at 79° N, 0° E,
were used as representative of springtime condition in polar regions.
The model is constrained with 1.5 ng m™ of Hg®, 17 ppbv ozone, 90
ppbv CO, 1.95 ppmv CHy4, 8 pptv NO, and 45 pptv DMS. Two scenarios
for high bromine (BrO peaking at 20 pptv) and low bromine (BrO
peaking at 1 pptv) were run to represent bromine explosion and nor-
mal air mass events.

Data availability

The CI-APi-TOF and APi-TOF data generated in this study have been
deposited in the Zenodo database: https://doi.org/10.5281/zenodo.
15332305, The data used in Fig. 3 are available from the Environment
and Climate Change Canada: https://www.canada.ca/en/environment-
climate-change/services/air-pollution/monitoring-networks-data/
canadian-air-precipitation.html) and the European Monitoring and
Evaluation Programme (EMEP): https://ebas-data.nilu.no.
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