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Abstract. Mass independent fractionation (MIF) of even mass number mercury (Hg) stable isotopes is observed
in rainfall and gaseous elemental Hg" globally, and is used to quantify atmospheric Hg deposition pathways.
The chemical reaction and underlying even-Hg MIF mechanism are unknown however, and speculated to be
caused by Hg photo-oxidation on aerosols at the tropopause. Here we investigate the Hg isotope composition
of free tropospheric Hg® and oxidized Hg" forms at the high altitude Pic du Midi Observatory. We find that
gaseous oxidized Hg has positive A'”Hg, A**'Hg, A>°Hg, and negative A’**Hg signatures, similar to rainfall
Hg, and we document rainfall Hg A'"”*Hg to be near-zero. Cloud water and rainfall Hg show enhanced odd-Hg
MIF of 0.3%o compared to gaseous oxidized Hg", potentially indicating the occurrence of in-cloud aqueous Hg"
photoreduction. Diurnal MIF observations of free tropospheric Hg® show how net Hg’ oxidation in high altitude
air masses leads to opposite even- and odd-MIF in Hg? and oxidized Hg". We speculate that even-Hg MIF takes
place by a molecular magnetic isotope effect during Hg" photoreduction on aerosols that involves magnetic
halogen nuclei. A A>°Hg mass balance suggests that global Hg deposition pathways in models are likely biased
towards Hg" deposition. We propose that Hg cycling models could accommodate the Hg-isotope constraints on

emission and deposition fluxes.
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1. Introduction

Modern anthropogenic Hg emissions to air (2400 Mg a!) outweigh natural Hg emissions (340 Mg a!) by
an order of magnitude." > Hg emissions are mostly in the form of gaseous elemental Hg (GEM), which has a
long (3 months) atmospheric life-time against oxidation to divalent reactive Hg (RM) forms that include gaseous
oxidized Hg (GOM) and particulate bound Hg (PBM).> RM is rapidly deposited to continental and marine
ecosystems where microbial and abiotic activity transforms a fraction of inorganic Hg into the bioaccumulating
and toxic methylmercury form.*3 Predicting the impact of anthropogenic Hg emission scenarios on global Hg
deposition requires detailed understanding of atmospheric Hg emissions, transformation mechanisms, and
deposition pathways. Two decades of atmospheric Hg research using mountain-top and in-flight observations,
experimental and theoretical reaction kinetics, and coupled 3D atmosphere-ocean chemistry and transport
models, have given broad understanding of atmospheric Hg dynamics.®!° Experimental, theoretical and
modeling studies suggest Hg oxidation initiated by bromine (Br) radicals to be faster than by ozone or OH,* !!
yet major uncertainties in RM concentrations, oxidation and reduction mechanisms and rates remain.'>!'* Hg
primary emission budgets from natural volcanic, and anthropogenic sources are known to within 30%," 2 yet re-
emission fluxes from terrestrial and marine environments remain uncertain.'” Similarly, atmospheric Hg
deposition pathways, which include RM wet and dry deposition, and terrestrial and marine GEM uptake are not
well constrained.'®

Hg stable isotope analysis of atmospheric Hg compounds may provide new information on Hg emission
sources and complex atmospheric redox cycling. During the last decade, significant advances have been made
in the measurement of Hg isotope compositions of biogeochemical reservoirs.!” Laboratory and field evidence
suggests that processes controlling Hg emission such as reduction/oxidation, adsorption/desorption, or
volatilization can induce significant mass dependent Hg isotope fractionation (MDF, §***Hg signature).!3-2°
Large mass independent Hg isotope fractionation (MIF) of odd Hg isotopes by the magnetic isotope effect (MIE)
has been observed in aqueous photochemical Hg reduction experiments (A!'*’Hg, A?*'Hg signatures).?"?*> Small
MIF variability can also occur due to the nuclear volume effect (NVE).? Large odd-MIF signatures imparted
on inorganic Hg and methyl-Hg by photochemistry can be traced into all Earth surface environments, i.e
sediments, biota, atmosphere, soils etc, and helps quantify sources, and Hg transformations. More unusual, even
isotope MIF (A*Hg, A**Hg signatures) has been observed in oxidized Hg forms in rainfall and snowfall

24-26

globally, and has been speculated to originate in GEM photo-oxidation at and above the tropopause.**

Because even-MIF does not seem to occur measurably during Hg transformation at the Earth’s surface, it has
2
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become a useful tracer for atmospheric deposition pathways, or sources of Hg to land and oceans.?”-?® Yet, the
exact even-MIF mechanism and even-MIF inducing Hg transformation(s) remain essentially unknown.

In this study we investigate Hg isotope composition of GEM, RM, and cloud water at the high altitude Pic
du Midi Observatory (PDM, 2877m, France). The PDM regularly receives free tropospheric air masses that are
enriched in RM and depleted in GEM.* High frequency, 12h and 24h GEM isotope observations of a free
tropospheric air mass rich in GOM and depleted in GEM are investigated to derive MDF and MIF factors for
net oxidation. A photoreduction experiment on rainfall is made to investigate atmospheric aqueous MDF and
MIF. We investigate the even-MIF on the low abundance '"*Hg isotope to help understand potential even-Hg
MIF mechanisms, and we review previous even-Hg MIF to speculate on a potential heterogeneous
photoreduction mechanism. Finally, we use a Hg isotope emission and deposition mass balance to illustrate bias

of state of the art Hg cycling models towards RM deposition.

2. Materials and methods
2.1 Atmospheric sampling and processing

Short-term (12/24h) variations in atmospheric GEM isotopic composition were investigated during a 10-
day sampling campaign, from 19 to 28 in Dec 2012, at the Pic du Midi Observatory, France (PDM, 0.14° E,
42.94° N, 2877 m a.s.l) using chlorine-impregnated activated carbon (CLC) traps (Text S1 and S2).°
Atmospheric Hg speciation at the PDM, including GEM, GOM and PBM, was continuously measured during
the campaign with a Tekran 2537/1130/1135 system (Tekran Inc., Canada, Text S3).”3' Seven day backward
trajectories ending at PDM at a height of 3000 m above sea level were calculated every 2 hours, during the
campaign, with simulated gridded meteorological data from the Weather Research and Forecasting (WRF)
model Version 3.4 (Text S4). CLC traps were thermally decomposed (25 °C to 1000 °C over 8h) in a Hg-free
oxygen flow (25 ml min™") in a tube furnace. Combustion products were further decomposed in a 2™ pyrolizer
tube furnace at 1000 °C, and purged into a 10 ml 40 vol% HNOs:HCI (2:1 ratio) oxidizing solution.** CLC
sampling efficiencies were better than 95%, mean recovery efficiencies were 87%, and full procedural blanks
<2% of Hg concentrations in trapping solutions.*

Twelve samples of the atmospheric RM (RM=GOM+PBM) were obtained using Millipore
polyethersulfone cation exchange membranes (CEMs, Millipore, 0.45 pm pore size, 47 mm and 90 mm diameter)
at the PDM from June to October 2014, with sampled air volumes between 25 and 77 m*.>! Cloud water samples

were collected from July to November 2014 with a CASCC-2 sampler at the PDM.** Rainfall was sampled from
3
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July to August 2014 150 km downwind from the PDM at 800m altitude in the Pyrenees foothills using acid-
washed (0.1N HCI, 3x MQ water rinsed) polypropylene buckets and reported elsewhere.?’” Snowfall and rainfall
was collected at the PDM and the Geosciences Environnement Toulouse (GET, Toulouse, France, 43.54° N,
1.48° E) laboratory between 2016 and 2017 using the same methods. All sampling was event-based in order to
avoid evaporation, and samples were acidified to 0.04 N HCI immediately after sampling, except for a single
incubation rainfall sample. Cloud water, rainfall and snowfall samples were pre-concentrated by reducing and
purging Hg with SnCl, and a clean argon flow and subsequent trapping in an oxidizing solution.** Recoveries
of procedural standards, RM, rainfall and cloud water samples was >95%. RM on CEMs was leached in 20 vol%
2HNOs/1HCIO0 with blanks <4% of sampled RM. In this study we assume that all Hg in RM, cloud water, rainfall
and snowfall was present as Hg(II).

Hg isotope fractionation during aqueous photochemical reduction of rainwater was studied using a solar
simulator (see Yang et al for details).*® A low Hg level (2.6 ng L) rainfall sample ‘GET rain 4’ obtained at GET
was spiked with 103 ng L' NIST 3133 and equilibrated for 48h in the dark. A 450 mL aliquot was then
transferred into an acid-cleaned quartz reactor, and illuminated for 24h with the solar spectrum from a Xe lamp.
The measured UVB, UVA, and VIS light intensities were 25, 186, 242 W m™ respectively. The sample was
continuously purged with Hg-free Ar gas to remove reaction product Hg® and avoid photo-oxidation. After 24h,
the 78 ng L' dissolved Hg(Il) remaining in the 450mL reactor volume was transferred to a pre-cleaned 1L Pyrex

bottle, and pre-concentrated for Hg isotope analysis.

2.2 Hg isotope analysis

Hg isotope ratios were measured using cold vapor multi-collector inductively coupled plasma mass
spectrometry (CV-MC-ICPMS, Thermo-Finnigan Neptune Plus) at the Midi-Pyrenees Observatory, Toulouse,
France following the methods described in previous studies.** * Despite different sampling years, all samples
were processed and analyzed in the weeks following sampling. Instrumental mass bias of MC-ICPMS was
corrected by standard-sample-standard bracketing using NIST3133 Hg at matching concentrations. Hg isotopic
composition is reported in delta notation (8) in units of per mil (%o) referenced to the bracketed NIST 3133 Hg
standard:¥’

&Hg = [(“*Hg/"*Hg )sample/(*Heg/ *He)nista13s -1] (1)
where xxx represent Hg isotope masses 196, 199, 200, 201, 202, 204. MIF values are expressed by “capital

delta (A)” notation (%), which is the difference between the measured values of §'°°Hg, §'’Hg, §**°Hg, §*°'Hg
4
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and those predicted from §?*’Hg using the kinetic MDF law: ¥’
A*Hg (%0) = &**Hg - (8 x §*?Hg) 2)

where ™ is -0.5074, 0.2520, 0.5024, 0.7520, 1.493 for the 196, 199, 200, 201, and 204 Hg isotopes
respectively. The analytical uncertainty of isotopic analysis was assessed by repeated analysis of the UM-
Almaden and ETH-Fluka standards over different analysis sessions and at Hg concentrations corresponding to
the samples. The overall mean values of §**Hg, A”’Hg, A*Hg, A?*'Hg, and A***Hg for all the UM-Almaden
standards in the 0.5 to 1.5 ng g"! range were -0.56 + 0.07 %o, -0.04 = 0.08 %o, -0.01 + 0.09 %o and -0.05 = 0.09 %o,
and 0.04 + 0.19 %o (2SD, n = 11) respectively, which agree well with previously reported values.*® The
procedural standard for rainfall pre-concentration, i.e. rainfall sample ‘GET rain 4’ spiked with 103 ng g"! NIST
3133 showed good recovery, and 6**Hg values not significantly different from zero (Table S3). In the present
study, the analytical uncertainty of CV-MC-ICPMS isotope analysis of RM, GEM, rainfall, and snowfall is the
2SD uncertainty of the UM-Almaden standard, unless the 2SD uncertainty on repeated analysis of the same
sample over different analytical sessions was larger.

To attempt rainfall A Hg analysis, we screened rainfall samples obtained at GET in 2016 for both high
Hg concentration levels and high volume single events. Rainfall sample ‘GET rain 6’ was the only sample
retained as it consisted of a single thunderstorm event of 20.5 L, collected in the 8 large buckets, and had a Hg
concentration of 6.0 ng L!. The entire 20.5L volume was pre-concentrated 1200x in a single large 25L Pyrex
glass bottle to a final concentration of 8.0 ng g!' in 15.3 g of 20vol% iAR. The sample was run in duplicate
during two different days using dedicated UM-Almaden and ETH-Fluka standards, also at 8.0 ng g™'. All
individual sample and standard results are given in the Supplementary Data. The signals obtained on the '*°Hg
and **Hg isotopes during these sessions were 15mV and 3 Volt. We recommend the use of 10'* or 10" Q
resistors on the signal amplifier of the '*°Hg Faraday cup. The 2o uncertainty, based on sample, UM-Almaden,

and ETH-Fluka replicates, on A" Hg during these analysis sessions were 0.19%o (Table S3).

3. Results and discussion
3.1 GEM isotope compositions

The nine day sampling period from 19 to 28 Dec 2012 was characterized by a shift from cloudy conditions
(days 1-2, samples D1-D5) to clear skies (days 3-5, samples D6-D10), and back to clouds (days 7-9, samples
D11-D14). The wind direction was predominantly southwest bringing North-Atlantic Ocean air masses, over

northwest Spain, to the PDM. The continuous Hg speciation observations show a pronounced increase in GOM
5
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to 238 pg m> (60 h mean), and concurrent decrease in GEM during samples D6-D10 (clear skies, Figure 1,
Table S1). Back trajectory analysis, and low observed relative humidity and CO, suggest that the high GOM
concentrations represent the intrusion of a free tropospheric (FT) air mass that originated at 5000m (550hPa,
Figures 1 and Figure S1). FT intrusions are typical at PDM, e.g. 61 similar events were registered over a one
year period from Nov 2011 to Nov 2012.?° The intrusions are of particular interest as they offer a snapshot of
the free troposphere where GEM oxidation is thought to take place.” 4! §2Hg, A'’Hg and A**°Hg of 12h
and 24h GEM samples collected from 19 to 28 Dec 2012 were in the range of 0.16 to 0.51%o (6**Hg, mean =
0.34%o), -0.31 to -0.11%o (A"’Hg, mean = -0.23%o), and -0.17 to 0.04%o (A?°°Hg, mean = -0.07%o) (Table S1).
These observations are consistent with a single two-week integrated GEM isotope sample B19, collected over
the same period 19 to 28 Dec 2012 at a lower flow rate of 2 L min™! with §?*2Hg of 0.39%o, A'”’Hg of -0.27%,

A*™Hg of -0.10 %o.*

3.2 RM, cloud water and rainfall Hg isotope compositions

In a previous study we found that Pyrenees rainfall Hg isotope signatures 150km east from the PDM are
typical of rainfall observations globally, with a mean 8**>Hg of 0.17 % 0.35 %o and significant odd MIF (A'”Hg
=0.72 £ 0.15 %o0; A*"Hg = 0.76 + 0.15 %o) and even-MIF (A**Hg = 0.21 + 0.04 %o; A’**Hg = -0.33 + 0.10 %o,
all mean + 1o, n = 9) (Figure 2, Table S2).” Here we find that PDM cloud water THg concentrations and MDF
and MIF signatures (Table S3) are not significantly different from PDM regional rainfall (t-test, p values = 0.26
to 0.79). For the first time we observe that RM, i.e. GOM+PBM, at PDM also has positive odd MIF (A'Hg =
0.44 +0.17 %o0; A Hg = 0.44 £ 0.10 %o) and even-MIF (A?®Hg = 0.15 = 0.06 %o; A>*Hg = -0.22 £ 0.17 %o, all
lo, n = 12, Table S3), similar to PDM cloud water and rainfall (Figure 2) and similar to global rainfall (A'”Hg
=0.35+0.19 %0; A2 Hg = 0.14 £ 0.06 %0; A**"Hg = 0.35 + 0.20 %o (18). The RM, cloud water and GEM data,
together with previous PDM observations, define a A””Hg/A*'Hg slope of ~ 1.0 (Figure 2d), thought to be
diagnostic of aqueous inorganic photoreduction of Hg-DOC (dissolved organic carbon) compounds.?’* In a
recent study, based on equilibrium thermodynamic speciation calculations and Hg reduction kinetics, we
suggested that Hg-DOC complexes are indeed the dominant species in atmospheric waters.* Demers et al. were
the first to point out a negative correlation between A?°’Hg and A?**Hg in rainfall, with a slope of approximately
-0.5.%¢ Our work at the PDM extends this relationship to RM and cloud water phases (Figure 2¢, slope = -0.52).
The presence of even- and odd-MIF in RM suggests that globally observed Hg MIF signatures in rainfall are

likely inherited from RM. Equally important, the isotopic composition of RM is in stark contrast with that of
6
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GEM (Figure 2), even though the only transformation that separates the two forms of Hg is net oxidation. This
corroborates the suggestion that net photochemical oxidation of GEM is responsible for even-Hg MIF,* but it
does not identify the oxidative or reductive nature of the MIF inducing step among the myriad of possible
reactions that drive atmospheric net GEM oxidation.

Cloud water and rainfall §**Hg (0.14 + 0.29 %o) and A'’Hg (0.74 £ 0.19 %o) show significant enrichment
in the heavier and in the odd Hg isotopes relative to mean RM 8?2 Hg (-0.73 + 0.63 %o) and A'"’Hg (0.44 +
0.18 %o) (t-test, both §?*?Hg and A'"Hg p < 0.001, all mean + 1o, Tables S2 and S3). We investigated if this is
caused by in-cloud Hg" photoreduction, by incubating an urban rainfall sample from Toulouse spiked with 103
ng L' of NIST 3133 Hg. The spike was equilibrated for 24h in the dark. Then, after 24h exposure to artificial
sunlight from a Xe lamp while continuously purging product Hg? with argon, the rainfall Hg concentration had
dropped to 78 ng L' and small positive shifts in 6*Hg (0.15 %o), A'”Hg (0.10%o), and A**'Hg (0.11%o), but
not A?®Hg (-0.03%o0) were detected (Table S3). The pseudo-first order gross Hg photoreduction rate constant
for the experiment was low, 0.03 h™!, which is in the range (0.05 + 0.02 h!, 15, n=9) of other urban rainfall
photoreduction rates, but slower than surface water rates of 0.41 h™'.1> 3% Bergquist & Blum (2007) determined

experimental aqueous Hg photoreduction rates at 1000x higher Hg concentrations and Hg to DOC ratios, and

202/198
/ of

showed faster photoreduction rates of 0.47 h™!, and MDF and odd-MIF fractionation factors, EMDF(GOM-GEM)

-0.6 to -0.8%o, 51%432/(3;?)?\4— GEM) of -1.0%o, and ‘91\243117{2;(())?\4— GEM) of -0.5 to -1.0%o. Despite our slower reduction rate,

explained by our lower Hg to DOC ratio (i.e. stronger Hg-DOC bonds), we observed similar fractionation factors
of -0.6, -0.4 and -0.4%o respectively. Other Hg" photoreduction experiments with lake water produced MIF
factors ranging from -1.6 to -6.6%..2> Even-Hg MIF was not significant in our photochemistry experiment, nor
in published work on surface waters.?! > Based on current evidence, we therefore exclude photochemical Hg"
reduction in cloud droplets as the origin for even-Hg MIF. More experimental work is needed to reproduce
atmospheric aqueous odd-Hg MIF, and explore variability in odd-MIF factors.

Finally, we examined PDM data variability in A*®Hg vs A'Hg space, which in early work on rainfall Hg
and GEM indicated a potentially diagnostic A'”’Hg/A?*Hg slope of approximately 1.9.” While we observe an
overall similar A'Hg/A**Hg slope, of 3.3 (Figure 2¢) across the oxidized and reduced Hg phases at PDM, the
GEM data alone clearly show different behavior: the GEM A'”’Hg/A*Hg and A**'Hg/A’*Hg (not shown)
slopes are 1.10 + 0.17, and 0.92 + 0.24 (206) respectively. This suggests that the atmospheric mechanism that

caused even-Hg MIF was possibly accompanied by odd-Hg MIF of similar magnitude, yet smaller than the odd-

7
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MIF that separates the Hg® and Hg" pools. This implies that the opposite odd-Hg MIF displayed by the oxidized
and reduced Hg pools on the whole (Figure 2¢) was acquired during a different atmospheric Hg transformation
than the reaction that caused even Hg-MIF. In the case that even-Hg MIF occurs in the stratosphere, the small
imprint that it leaves on the stratospheric Hg® pool will slowly mix down into the tropospheric Hg’ pool. The
PDM Hg data spread and A"’Hg/A?*Hg slope of 1.10 (Figure 2¢) may therefore partially represent a mixing

line between recently emitted Hg® and older, stratospherically processed Hg".

3.3 Hg isotope variation during the free troposphere intrusion event

We further examined atmospheric odd and even Hg MIF variability in the high frequency (12-24h) GEM
isotope observations during the free tropospheric air mass intrusion, enriched in GOM and depleted in GEM
(Figure 1, samples D6-D10). The FT intrusion event showed GOM concentrations of 238 pg m> from 22-25
Dec (60h mean). The intrusion event was accompanied by low CO concentrations, depleted GEM
concentrations, and low relative humidity (Figure 1 and Figure S1), which is consistent with previous studies
and indicative of GOM production by oxidation of GEM in a free tropospheric air mass.** 4 Seven-day back-
trajectories of the FT intrusion and of the pre- (samples D1-D5) and post-event (D11-D14) air masses illustrate
the important control of altitude and cloudiness along the trajectory on detected GOM levels at the PDM (Figure
S1). Pre/post-FT intrusion event air masses generally travelled at 700-1000 hPa (3000 m — 0 m asl) over the N-
Atlantic Ocean (35-50°N) with RH from 60-100% and daytime solar radiation <200 W m suggestive of GOM
scavenging by clouds (Figure 1 and Figure S1). FT intrusion air masses also travelled over the subtropical N-
Atlantic Ocean, though at lower latitudes (20-35° N), and higher altitudes of 500-900 hPa (5500 m — 1500 m
asl) with RH from 0-40% and daytime solar radiation from 200-500 W m™ suggestive of clear skies (Figure S1).
FT intrusion mean ozone (47 = 2 ppbv, sd), CO (83 £ 3 ppbv, sd) and relative humidity (34 + 10%, sd) are
typical of lower to middle free tropospheric air (Figure 1 and Table S1).

We examined the relationship between reactant GEM and product GOM concentration, in order to assess
product GOM removal and the extent of net GEM oxidation. A negative correlation between GEM and GOM
was observed during the 8-day study period of Dec 2012 with GOM/GEM slope of -0.44 £ 0.10 (r* = 0.66;
Figure S2). It has been previously suggested that GOM/GEM slopes higher than -1 reflect the loss of newly
produced GOM by scavenging processes, or the mixing with other air masses with different GEM levels.*- 4
PBM concentrations during the FT intrusion event are uniformly low (mean: 4 pg m?) and RH and solar

radiation levels along the back trajectories do not support an important scavenging sink (Figure S1 and Table
8
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S1). A prerequisite for the GOM/GEM slope analysis is that the ensemble of observations has a common air
mass origin, which is not the case here. The back trajectory analysis of our 8-day observations suggests partly
overlapping altitudes for pre- and post-event (3000 m — 0 m asl) and FT-event (5500 m — 1500 m asl) air masses.
Published reviews of GEM altitude profiles suggest little variation up to 5km.’ However, observed and modeled
boundary layer GEM levels suggest maximum levels between 30-60°N, corresponding to mid-latitude emission
sources, and declining levels from 30°N to the equator (1% decrease in GEM per degree latitude).” As mentioned
above pre/post-event and FT-event back trajectories point out different latitudinal origins of 20-35° N and 35-
50°N respectively. It seems therefore plausible that the original GEM levels in pre/post-event and FT-event air
masses were different due to different latitudinal air mass origins. A correction for latitudinal confounding
allows estimating original GEM levels to be 15% lower in the FT-event air masses, based on the 1% drop in
GEM per degree latitude, and yields a corrected GOM/GEM slope of -0.88 (Figure S2, gray line). The corrected
slope is close to -1 and therefore suggests that nearly all GOM produced has been retained within the free
tropospheric air masses observed during the FT-event at the PDM.

8?2 Hggrm and A**Hggem during the FT intrusion event are slightly but not significantly higher (t-test, p >
0.05), and A™Hggem, A*Hgeem and A?°'Hggem slightly but significantly lower (by 0.10, 0.06, 0.08%o
respectively, t-test, p < 0.05) than pre- and post-event samples during 20 - 28 Dec 2012 (Figure 1, Table S1).
A" Hgeem, A*Hggem and A*'Hggew are also significantly correlated with GEM and GOM concentration (r
of 0.6, 0.5, 0.4 and p<0.05). Because the FT-event was long-lived, displaying elevated GOM levels over 48
hours, we suggest that the GEM and GOM concentration, and GEM isotope observations represent a snapshot
of net GEM oxidation that has been little influenced by further mixing with boundary layer air. Since the FT air
masses originated from higher altitudes, the Hg MIF observations corroborate previous work on even-MIF in
precipitation that suggested even-MIF to originate at the tropopause or stratosphere.?* Although we cannot
deconvolute and attribute even MIF and odd MIF to particular atmospheric reduction and oxidation reactions,
we can estimate approximate net oxidation isotope enrichment factors for MDF and MIF that may be of use in

atmospheric Hg isotope models. To do so, we combine our mean (+ 16) GEM (FT intrusion) and RM isotope

observations and calculate isotope enrichment factors by difference: 51\24(;)21!(1:31\4-@51\4) of -1.1 £ 0.7%o,

Errieom—cemy OF 0.73 % 0.23%0, emoorios o of 026 % 0.10%0, &2 rioon_cem OF 0.69 + 0.14%o, and

204/198

mircom—cem) Of ~0.39 + 0.22. We note that the RM isotopic composition was not collected simultaneously

with the GEM isotope data, but that both RM and FT GEM represent our best estimates of the upper tropospheric
9
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and lower stratospheric reduced and oxidized Hg pools.

3.4 Atmospheric A*’Hg mass balance

In global Hg box models and in 3D Hg cycling models the atmosphere is generally in steady-state, i.e. the
mass of Hg in the atmosphere is constant and emission fluxes equal deposition fluxes.* !> 4647 The reason for
this is that the troposphere is a relatively small reservoir (4 Gg of Hg) compared to soils (1000 Gg) and oceans
(300 Gg), exchange fluxes with continents and ocean are large (~8 Gg y') and consequently the atmospheric
lifetime is short (1y).'* Hg emission and deposition budgets in models range from well-constrained (volcanic,
anthropogenic emission, wet deposition over land) to ill-constrained (terrestrial, marine emissions and dry
deposition over land and oceans). An estimate of natural and anthropogenic emission A>°*Hg signatures suggests
these were constant over the past 150 years.*® Natural archives of atmospheric Hg deposition, such as sediment
and peat cores, also suggest that atmospheric A**’Hg was generally constant during recent centuries.*> > The
steady-state in terms of Hg mass, i.e. emissions equal deposition, should therefore be accompanied by a steady-
state in terms of A?*°Hg where emission A>**Hg equals deposition A?°Hg. If this were not the case, atmospheric
A*"Hg, and the A’ Hg of atmospheric Hg deposition would vary with time. In Table 1 we examine whether the
steady-state A>**®Hg condition is met for the state of the art Hg GEOS-Chem/MITgem Hg cycling model.? Our
new free tropospheric RM A?Hg observations of 0.15 + 0.06 %o allow to account for the large global RM dry
deposition flux to land and oceans. We include additional non-urban aerosol and fog A>°Hg observations from
previous studies to derive a global mean RM A*Hg of 0.12 £ 0.05 %o (n = 66).7'->> Marine and terrestrial Hg
re-emissions are taken into account using published median A?°°Hg of 0.05 and -0.01 %o for these pools
respectively.?® * We assume here that A*Hg of Earth surface Hg® emissions equal the A’ Hg of the Earth
surface pools, as the fractionation of A2°Hg takes place exclusively during upper atmospheric redox reactions.
Total Hg emissions in the model are 8540 Mg/y and deposition 8500 Mg/y, confirming steady state. Using these
global flux and A**Hg data (Table 1), we calculate Hg emission A2’Hg to be 0.025 + 0.032 %o, and Hg
deposition A**Hg to be 0.073 = 0.019 %o (1o), which violates isotopic steady state. This likely suggests that
model deposition A’Hg is biased towards the RM dry and wet deposition end-members of 0.12 and 0.17 %o.
Recent terrestrial A’ ’Hg studies suggested that vegetation and soil A’ ’Hg is dominated by GEM deposition.>*
27 We therefore propose that Hg cycling models need to better accommodate the Hg-isotope constraints on
emission and deposition fluxes, in particular the more important role of GEM deposition compared to RM

deposition.
10
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3.5 Potential even Hg isotope MIF mechanisms

Even-Hg isotope MIF has become a useful tracer to constrain atmospheric Hg deposition pathways,
reservoir size, or atmospheric conditions as illustrated above and elsewhere.?%2% 45455 The chemical reaction(s)
and underlying even-MIF mechanism are however, far from understood. Two studies observed even-Hg MIF
under relatively well-constrained conditions. Mead et al. observed even- and odd-MIF during Hg" oxidation in
fluorescent lamps, attributing it partially to nuclear self-shielding, i.e. isotope fractionation as a function of
isotope abundance.*® Nuclear self-shielding considers that in a dense column of (Hg’) gas, the photolysis yield
of abundant isotopes is lower than the yield of low-abundance isotopes. Abundant 2**Hg° absorbs UV-C
radiation entirely, suppressing further 2?Hg? photolysis to Hg". The oxidized Hg" fraction, analyzed in the glass
housing of the lamp, showed negative A'”Hg, A***Hg, and positive A**'Hg and A***Hg, which contrasts with
rainfall Hg"" MIF for 3 of the 4 signatures (Figure 3a).>® We further investigated the self-shielding mechanism
by analyzing for the first time the A'”*Hg signature of a single, unique summertime thunderstorm rainfall sample
that had both a high volume and relatively high THg concentration. We observe A”Hg to be near-zero (-0.06
+ 0.19%o, 26, n = 2) in the ‘GET rain 6 sample (Figure 3), which has pronounced A'Hg (0.70%0), A**°Hg
(0.25%0), A*'Hg (0.82%0), and A?*Hg (-0.45%o0). The observation that the least abundant '*°Hg, and most
abundant **’Hg isotopes, both referenced to '**Hg, show near-zero MIF, further suggests that nuclear self-
shielding by trace atmospheric Hg® is unlikely to be the mechanism responsible for atmospheric Hg MIF.

In a remarkable experimental study, Sun et al. (2016) investigated Hg" oxidation by UV-B induced CI* and
Br* radicals, which are potentially important atmospheric Hg® oxidants, and observed even- and odd-Hg MIF
in Hg® reactant and Hg" products. The A Hg/A*'Hg slope across Hg and Hg" data was 1.6 in the Br® and 1.9
in the CI* experiment, and was suggested to predominantly reflect the nuclear volume effect (NVE). Both non-
photochemical experimental studies and NVE numerical simulations indicate NVE A'”Hg/A?*'Hg slopes to be
around 1.6.2% > NVE theory also predicts small even-Hg MIF with a potentially diagnostic A'*?Hg/A***Hg slope
of 6.4 (Figure 3b, based on Wiederhold et al.?®). The observed A'”’Hg/A**Hg slope for Hg" in the CI*® and Br®,
and Hg’ in the CI® experiments is however negative, -8.3 (Figure 3b). In other words, while A>°’Hg in the Hg"
product was found to be positive, similar to atmospheric Hg", A"’Hg and A**'Hg were strongly negative and
opposite to atmospheric Hg'. Sun et al., considered the combined A””Hg and A*°Hg incompatible with a
magnetic isotope effect (MIE), but did mention that particulate Hg" formation on the reactor wall could have

facilitated a MIE. In the following we further explore the data from Sun et al. and speculate on an alternative
11
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MIE mechanism for even-MIF during atmospheric Hg" photoreduction that involves spin coupling between
“v*"Hg isotope free electrons and nearby magnetic nuclei.

The Hg® photo-oxidation experiments by Sun et al. are complex because multiple oxidation and reduction
reactions occurred simultaneously in the reaction chamber (Figure 4). Hg® reacts with Br® (or CI°®) into the
Hg'Br® radical, which either thermally or photolytically degrades back into Hg” reactant or combines with a 2™
Br* (or C1°) to form stable BrHg"'Br,. Sun et al. observed loss of Hg" species to the FEP Teflon reactor wall,
which complicated Hg mass and Hg isotope balance in the experiments: this is illustrated for Hg° reactant and
Hg" product in the Br® experiments, which both have positive A**°Hg (Figure 3b). In Figure 4 we therefore
consider reversible binding of BrHg"Br and Hg'Br to the surface (indicated by =). Here we also consider gas
phase and surface photoreduction of Hg'Br and BrHg"Br compounds, following recent theoretical work. As
indicated by Sun et al. the large odd-MIF observed in both CI°® and Br*® experiments likely reflects a dominant
NVE during one of the oxidation steps. We therefore estimated the small A**Hgnve associated with oxidation
by using the theoretical A" Hg/A**Hg NVE slope of 6.4: A*°Hg;es= A**Hgobs — A”Hgons/6.4 (Figure 3b). The
residual, A*Hg,, gradually increases with net Hg® photo-oxidation progress (Figure 3c). We suggest that the
surface Hg'Br= and Hg"Br,= species (Figure 4) concentrations increased over time, leading to a parallel increase
in photolysis of the same species that expressed even-Hg MIF (A?Hg,.s). To summarize, it appears that
atmospheric even- and odd-Hg MIF may be caused by different mechanisms and reactions: large odd-MIF by
the MIE during aqueous Hg" photoreduction (Figure 2d), potential small odd-MIF by the NVE during Hg®

oxidation (Figure 3b), and potential small even-MIF during heterogeneous (surface) Hg"!

photoreduction. The
multiple MIF mechanisms help explain why PDM Hg® and Hg"' (RM) data define relatively flat A"’Hg/A**°Hg
slopes of 1.2 and 0.0 (Figures 2e, 3b) that suggests even-MIF to possibly be an isolated phenomenon,
accompanied by small odd-MIF. Next, we speculate on how heterogeneous Hg photoreduction might generate
a MIE in non-magnetic even Hg isotopes.

Large *Hg isotope MIF during DOC mediated aquatic photoreduction of Hg is generally thought to occur
via the MIE.?!-%% 5 A MIE occurs when the nuclear magnetic moment of **Hg isotopes induces spin conversion
of photo-excited °¥Hg® free electrons by hyperfine spin coupling (HFC) with the electron magnetic moment.
Spin conversion by HFC controls the fate of °™**"Hg**L radical pairs (where L is the coordinating ligand), by
controlling break-up into free radicals or recombination into the original Hg-L reactant. The radical pair must

be long-lived, generally caged in by water molecules or surface mobility constraints, for HFC to affect

recombination rates. The MIE is therefore considered to be unlikely during gas phase reactions. Even Hg
12
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isotopes generally have no nuclear magnetic moment and (***"Hg®**O)uiple: radical pairs are therefore generally
considered insensitive to the MIE. Experimental and theoretical studies of Hg MIF by the MIE have thus far
only considered the HFC of *Hg isotope nuclear spin with °¥Hg isotope free electrons. Unpaired electrons in
radical pairs are however spread out over a portion of the molecular fragments of the radical pair, and interact
with several magnetic nuclei simultaneously over distances up to SA.®° For example, in the magnetoreception
mechanism of migrating birds, photoexcited unpaired electrons of cryptochrome proteins are thought to interact,
via HFC, with the molecular magnetic field of multiple magnetic '“N and 'H nuclei.®® We therefore recognize
that in the case of Hg photochemistry, HFC can in principle also occur between the spin of nearby magnetic
nuclei and the unpaired electrons of both ®*"Hg and °%Hg isotope radicals. In addition, magnetic Hg and ligand
isotopes may also induce HFC and spin conversion in ligand free electrons, within a radical pair.

In Earth surface waters the aqueous coordination of inorganic divalent Hg is dominated by O and reduced
S ligands on mineral surfaces and organic matter. These ligands have in common that their odd isotopes are not
very abundant: 70, 0.04%; **S, 0.75%. Consequently, the potential influence of magnetic neighbor isotopes on
Hg® and L* radical spin conversion has not been considered or formally investigated. In the atmosphere,
however, Hg coordination is dominated by halogens, and N, in addition to O and possibly oxidized S (i.e.
stratospheric SO4 aerosols). Of particular interest here are the magnetic 'H, N, 33Cl, *’Cl, "Br, 8'Br and '*"I
isotopes, which are all isotopically abundant, and possess nuclear spin. We therefore suggest that Cl and Br
isotopes in the Sun et al. experiments, and possibly 'H and *N isotopes in aerosols can induce HFC with radical
pair free electrons of ®*Hg, **"Hg, and °%L, thereby influencing radical pair recombination rates and Hg MIF.
It is still unclear how this would affect the relative even/odd Hg isotope sorting into Hg? and Hg"!! phases. HFC
is strongly dependent on the free electron orbital, and on diffusional and rotational motion of the radical pair
and/or neighboring ions.®" © In heavy elements, electron orbitals are significantly affected by nuclear volume,
yet the absence of A'”Hg in rainfall we show in this study, suggests that nuclear volume controlled HFC is
unlikely; i.e. we would expect rainfall A"”°Hg to be highly positive in that case, at opposite ends of the negative
A*Hg in rainfall. The strong nuclear magnetic moments of Br and I have been suggested to induce strong
radical pair spin relaxation, by so called spin orbit coupling (SOC), preventing expression of the MIE.® While
this is not the case for 'H, '“N, and ***’Cl, photoreduction experiments with aqueous HgCl,, and Hg-N
compounds have thus far not shown even Hg-MIF.3% ¢ Despite its strong nuclear magnetic field, 'H in H>O
molecules that hydrate HgL radical pairs in aqueous photoreduction experiments thus far,?* > % have not led to

even-Hg MIF. Similarly, the abundant presence of ClI ions in seawater does not appear to produce detectable
13
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even- and odd-Hg MIF during marine Hg" photoreduction. Finally, BrHgBr and CIHgCI only photolyse under
UV-C radiation and HgBr and HgCl under UV-C, UV-B and VIS radiation. Since the Sun et al. experiments
were done under UV-B radiation we attributed in Figure 4 the even-Hg MIE step to Hg'Br photolysis on the
reactor wall. Despite several counter arguments against an even-Hg MIE mechanism, it does appear that the
Sun et al. net Hg® oxidation reactions have led to even-Hg MIF during surface mediated Hg photoreduction
involving halogens. Possibly the interaction of free electron spin with neighboring odd halogen isotope nuclear
spin in caged Hg®*Br compounds has a mass-independence related to non-statistical behavior during HFC or
SOC that we can as of yet not explain. We encourage the issue to be further explored experimentally and

theoretically.

B Supporting Information
Additional information of the sampling site, sampling and processing, ancillary parameters, and air mass
backward trajectories are presented in Supporting Information (Text S1-S4 and Figure S1-S3). All Hg stable
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Table 1. A*°Hg signatures of global Hg reservoirs, total Hg emissions and deposition. Tropospheric Hg
reservoir, emission, and deposition fluxes are from Horowitz et al.* Mean A?®®°Hg and 1o are from the
following published data compilations: reactive Hg (RM) wet deposition, GEM, ocean Hg from Jiskra et al.;*®
anthropogenic GEM, RM emissions, volcanic GEM emissions, soil/vegetation Hg from Sun et al.;>* RM dry

deposition from this study. The combined uncertainty on calculated atmospheric GEM and RM fractions was

propagated from uncertainties on fluxes and A**Hg.

Tropospheric Hg reservoir
GEM Mg 3500
RM Mg 400
Emission Flux
GEM ocean—>air Mg/y 4600
RM land—>air Mg/y 1420
GEM anthropogenic Mg/y 1470
GEM natural Mg/y 250
RM anthropogenic Mg/y 800
Total Mg/y 8540
Deposition Flux
GEM air>ocean Mg/y 1700
GEM air->land Mg/y 1200
RM air->ocean Mg/y 4600
RM air->land Mg/y 1000
Total Mg/y 8500
A*™Hg value
GEM %0 -0.06 £ 0.03
RM wet deposition %0 0.17 +0.05
RM dry deposition %o 0.12 +0.05
GEM, RM Anthropogenic | %o 0.00 £0.03
GEM natural %o 0.00+0.03
Hg soil %o -0.01+0.04
Hg ocean %o 0.05+0.03
Sum emission %o 0.025 +£0.032
Sum deposition %o 0.073 +0.019
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Figure 1. Hg speciation and isotope variability during a free tropospheric air mass intrusion. From 20 to 28 Dec
2012, high frequency (12h, 24h) gaseous elemental Hg® (GEM) isotope signatures 6*°?Hg, A'"”Hg, A*Hg (A),
CO and Os concentrations (B), atmospheric GOM, PBM and GEM concentrations (C), and solar radiation and
relative air humidity (D) showed a 48h long intrusion of a free tropospheric air mass, high in GOM, and low in
GEM and humidity. Fitted curves in panel (A) are smoothed splines, and the free troposphere intrusion events

is shaded in gray color.
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Figure 2. Atmospheric Hg stable isotope variation at the Pic du Midi. Hg mass dependent (8**?Hg) and mass

449
450  independent (A'Hg, A**Hg, A*°*'Hg, A?*Hg) isotope signatures in reactive Hg (RM=GOM+PBM), cloud
451  water, 12h/24h GEM from this study, and previously published GEM and rainfall.?’”- 4?
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Figure 3. Hg MIF in rainfall vs. Hg oxidation MIF. a) Even- and off-Hg MIF in the ‘GET rain 6’ sample, in UV-
oxidized Hg" from a fluorescent lamp*¢ (all A**Hg divided by 20), and in CI°® radical oxidized Hg" .** The
AN**Hg patterns of the two oxidation reactions are incompatible with rainfall observations, suggesting that
nuclear self-shielding or nuclear volume fractionation are not the underlying cause of rainfall Hg"! MIF. A*?Hg
equals O for all data in a) since the A**Hg (where xxx are Hg isotopes masses 196 to 204) are calculated relative
to 8?°%1%Hg ratios, themselves anchored to the ®Hg reference isotope. b) AHg/A**Hg slopes of PDM Hg?
data, theoretical NVE (6.4), and the CI® and Br® oxidation experiments by Sun et al.** The parameter A?’Hg;s
(%o0) is defined as the residual A***Hg after correcting the Sun et al. data for NVE ¢) A***Hg, variability as a

function of net oxidation reaction progress in the Sun et al. data.**
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Figure 4. Scheme of potential oxidation (1, 3), thermal reduction (1), photo-reduction (kv, 2, 4, 7, 8) and
reversible sorption (5, 6) reactions occurring during the ‘net Hg0 photo-oxidation experiments by Sun et al
(2016). ‘M ‘indicates bulk gas molecules, and ‘=’ surface sorption sites. We speculate that even-Hg MIF,
separating even 2**Hg and 2°°Hg isotopes (step 9), occurs during surface bound Hg'Br photolysis under the
potential influence of °™Br nuclear spin HFC with ©*"Hg free electron spin in a non-linear fashion with respect
to atomic number. Photoreduction reaction rates 2, 4 and 7 are considered small relative to reaction 8.

Superscripts 1 and 3 in Hg®**Br radical pairs indicate singlet (1) and triplet (11) states of free electron spin.

1) 3)
Hg® + Bre -~ Hg'Br +Bre >

»Hg o) hv? hv?
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