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ABSTRACT: The atmosphere is the primary medium for long-
distance transport and transformation of elemental mercury (Hg),
a potent neurotoxin. The recent discovery of mass-independent s
fractionation (MIF) of even-mass Hg isotopes (even—MIF, Nt TR '“‘:P:O'f_‘ge i
measured as A**®Hg and A’**Hg) in the atmosphere is surprising g | - oD
and can potentially serve as a powerful tracer in understanding Hg : '
biogeochemistry. Far-ultraviolet (UVC) light-induced gas-phase
reactions have been suspected as a likely cause for even-MIF, yet ‘!‘

the mechanism remains unknown. Here, we present the first N\’Loﬁ Og'z\ J
experimental evidence of large-scale even-MIF caused by UVC- & &G Q¥ : " % -

induced (wavelength: 254 nm) Hg oxidation in synthetic air at the ;

pressure (46—88 kPa) and temperature (233—298 K) resembling e—
those of the lower atmosphere. We observe negatively correlated S
A*Hg and A***Hg signatures with values as low as —50%o and as high as 550%o, respectively, in the remaining atomic Hg pool.
The magnitude of even-MIF signatures decreases with decreasing pressure with the A***Hg/A***Hg ratio being similar to that
observed in global precipitation. This even-MIF can be explained by photodissociation of mercuric oxides that are photochemically
formed in the UVC-irradiated Hg—O, system. We propose that similar processes occurring in the atmosphere, where mercuric oxide

= hv

species serve as intermediates, are responsible for the observed even-MIF in the environment.

KEYWORDS: mercury, stable isotope fractionation, mass-independent fractionation, photochemistry, atmosphere

Bl INTRODUCTION

Mercury (Hg) is among the top 10 chemicals of public health
concern by the World Health Organization, due to its high
volatility to transport in the atmosphere, active redox
chemistry, strong accumulation in food webs, and potential
toxicity to human and ecosystem health. Anthropogenic
emissions of Hg to the environment are regulated under the
United Nations Minamata Convention. The complex atmos-
pheric cycling of Hg is fundamental for its dispersion into
global ecosystems, but key processes such as oxidation and
reduction in the atmosphere remain inadequately character-
ized." One of the most promising new tools that may help
understand these processes is Hg isotopes. Hg isotopes
undergo both mass-dependent fractionation (MDF; measured
typically as §’°Hg) and mass-independent fractionation
(MIF). MIF of odd isotopes (odd-MIF, measured typically
as A"Hg and A*'Hg) has been observed in a number of
processes (e.g, Hg' photoreduction, MeHg photodegradation
processes, and Hg(0) evaporation) and explained by magnetic
isotope effect (MIE)® or nuclear volume effect (NVE).” MIF
of even isotopes (even-MIF," measured typically as A**Hg
and A***Hg) so far has been observed only in samples that are
of the atmospheric origin or have been influenced by
atmospheric deposition.” However, neither MIE nor NVE
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can explain this type of MIF to any substantial degree. An
atmospheric budget indicates significant imbalances between
A*Hg in Hg emissions from and deposition to the Earth’s
surface, which, to be in a steady state, require atmospheric
even-MIF sources.® A reaction mechanism proposed to trigger
even-MIF has been associated with Hg photo-oxidation in the
troposphere or in the upper atmosphere.” In support, it has
been claimed that A**Hg/A***Hg ratios observed in nature
have some similarity to those occurrln% in the glass housing of
compact fluorescent lamps (CFLs),”” but in fact AHg",
A*Hg", and A***Hg" in the CFL housing bear opposite signs
to what is observed in nature.’ Recently, rock records have
shown significant even-MIF in the Archean atmosphere lacking
an ozone (Oj) layer to filter UVC from actinic light, suggesting
that contemporary UVC-induced atmospheric chemistry could
be responsible for the coupled changes in both even-Hg-MIF
and sulfur-MIF."°
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Despite being a prevailing hypothesis, so far there has been
no convincing evidence, either theoretically or experimentally,
to support the importance of even-MIF during atmospheric Hg
photo-oxidation nor the underlying mechanism. Previously, we
have experimentally investigated the oxidation of atmospheric
gaseous Hg by Cl and Br atoms, yielding product vapors that
condense under laboratory conditions (ppb-level) and could
be scanned as nanometer-sized particles.'’ The atomic Cl-
initiated reaction generates a low but significant even-MIF,
while the Br-initiated reaction gives a negligible even-MIF.
Although the reaction is fast, the Cl-initiated oxidation is not
considered important due to the very low Cl backgi{round
concentration in the troposphere (<10% atoms cm™)."” The
Br study has a deficient A***Hg isotope mass balance making it
impracticable to determine conclusively whether even-MIF is
present.'’ Recently, Fu et al.° have interpreted our
experimental results such that limited even-MIF is the result
of heterogeneous redox chemistry driven by suspended
nanoparticles emanating from the products of the pure gas-
phase Hg oxidation. They suggested that hyperfine coupling
between the spins of magnetic halogen atoms (e.g., ***'Cl and
781Br) and unpaired electrons of even-Hg isotopes was the
cause of even-MIF. Their interpretation is tentative, as is their
stoichiometrically unbalanced reaction scheme.’ Reporting of
all seven Hg stable isotopes as tracers is desirable in the
interpretation of process-oriented studies, and unfortunately,
analyses of the lightest (*Hg) and heaviest (***Hg) of them
are missing in many laboratory and field studies.’

In this study, we focus on reactions of the Hg—O, system
that exhibits intricate complexity. A direct combination of
liquid Hg and O, occurs just below the boiling point of Hg
(357 °C at 101 kPa) to form HgO, but the reaction is reversed
above 400 °C."* The reaction of ground-state singlet Hg atoms
(Hg('S)) with O, is very slow (rate < 107>* cm® molecule™’
s7') in the gas phase and has no significance in the
atmosphere."” In contrast, upon light excitation of Hg('S),
the formed triplet Hg atoms (Hg(°P)) react rapidly with O, *
This UVC-induced reaction that involves the formation of O,
is not clearly understood and competitive exit channels are in
operation during the quenching process. Energy transfer from
Hg(°P) atoms generates vibrational hot ground-state O,"”

Hg(’P) + 0, — Hg('s) + 0} (R1)

The activated oxygen (O%) produced may react by'’

0} + 0, » 0, + O(’P) (R2)
which is followed by'®

0, + 0(°P) 5 0, (R3)

where M represents a third body (e.g, N, O,). Simulta-
neously, Hg vapor is consumed with the product HgO
observed as yellow-brown stains on reactor walls.'” However,
the mechanism is unelaborated, there is debate regarding the
molecular intermediates, and whether the reactant starting the
oxidation is a Hg(*P) or a Hg('S) state remains a subject of
dispute."> However, gas-phase oxidation of Hg('S) directly to
HgO by O; is not feasible because the O atom transfer step is
highly endothermic,"® which limits the number of possible exit
channels"’

Hg(’P) + O, @ HgO;k (R4)

s« M
HgO, < HgO, (RS)
HgO, — HgO + O(’P) (R6)
HgO, + O, — HgO + O, (R7)

where HgO3 represents an activated complex. It has been
shown that it is not the short-lived Hg(*P,) but rather the
spin—orbit relaxed and radiatively metastable Hg(°P,) state
that drives R4." The two main constituents of air play
different roles in the process, with N, deactivating Hg(°P,)
almost exclusively to Hg(°Py), while O, quenches both
Hg(°P,) and Hg(’P,) directly to Hg('S) (cf. R1)."* Thus,
the production of HgO, (R4) benefits from air rather than O,
alone.

We hypothesize that the reactions initiated by Hg(*P) in air
are responsible for even-MIF since they lead to large-scale
isotope enrichment™ due to their high rate and exothermic
characteristics."* The oxidant, O,, is a major constituent of the
atmosphere. However, direct spectroscopic measurement of
the Hg(°P) + O, system is challenging due to the trapping of
resonance radiation Hg('S) + hv — Hg(°P)" where the
lifetime of Hg(*P) depends on both the Hg concentration and
the pressure of the bath gas. Moreover, O; absorbs UV
strongly (¢ = 1.17 X 107" cm?) and is photolyzed (O; + hv —
O('D) + Of) at the excitation wavelength (253.7 nm) of the
transition Hg('S,) — Hg(*P;).'"° In contrast to previous
studies (ppm-level), we perform the photolysis study with such
low Hg concentrations (ppb-level) that combined kinetic and
isotope changes can be observed closer to typical atmospheric
conditions without radiation trapping. We also use a Zeeman
system”’ to individually detect atomic Hg in the presence of
optically interfering species such as O;. Further details of the
experimental setup can be found in the Materials and Methods
section.

B MATERIALS AND METHODS

Photolysis Experiments. The experiments were carried
out in FEP Teflon-film chambers described previously in Sun
et al'' (Figure S1), which also accounts for the reactant
preparation, at different temperatures (233, 253, and 298 K)
and pressures (88, 61, and 46 kPa) with UVC light supplied
from Hg low-pressure lamps (TUV GS 4W, Phillips) (Figure
S2). Hg-containing dry synthetic air (mixing ratio ranging from
0.7 to 3.5 parts-per-billion (ppb)) was irradiated for up to 300
min to allow for the oxidation to proceed over a range of the
remaining Hg fraction (fz). The low-pressure lamps
containing a natural mixture of Hg isotopes (Table S1) were
illuminating essentially at 254 nm (~5 nm full width at half
maximum measured by a spectroradiometer, Figure S2) but
filtering out 185 nm Oj-forming UVC radiation. The
experiments were carried out with a light flux of ~1.4 X 10"
photons cm™ s™* and an optical thickness of <0.1. Decays of
Hg were monitored by a portable Zeeman modulated atomic
absorption spectrometer (Z-AAS, Model RM-915+, Lumex
Instruments), and fr at the end of experiments was
systematically varied over the range 1 > fp > 0.2 by the
duration of photolysis time. After an experiment reached the
stipulated fg, the reaction mixture was evacuated from the
chamber into a wet chemical Hg speciation sampling train
described in detail by Sun et al.'" O; in the reaction mixture
was determined in a differential way by simultaneous
monitoring by a Thermo 49i instrument (detecting both O,
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and Hg) and the Z-AAS instrument mentioned above
(detecting only Hg). Consequently, accurate calibrations of
the Model 49i instrument’s response to both O; and Hg were
performed continuously. In experiments involving the
measurement of Hg isotopic ratios, Hg vapor was generated
from reduction of a NIST-3133 Hg standard solution (in ~0.1
M HCI) by adding excess SnCl, followed by purging using a
Hg-free zero air stream into the reaction chamber. For
reference, the slow light-independent gas-phase reaction
between Hg and O; with respect to isotope fractionation was
studied (Table S5). We have also checked that the loss of
gaseous Hg in air is negligible in UVB (290—31S nm) light as
expected.”

Isotope Composition Measurements and Data Eval-
uation. Hg isotopic ratios for all samples were determined by
a Nu-Plasma II cold-vapor multicollector inductively coupled
plasma mass spectrometer (Nu Instruments Ltd., U.K.). The
sample introduction system consists of a continuous flow cold-
vapor generation system (CV) (HGX-200, CETAC) coupled
to an Apex-Q desolvation unit (Elemental Scientific Inc.) for
Hg and TI introduction, respectively. SnCl, is used as the
reducing agent and mixed online with Hg standards or samples
to generate volatile Hg. Hg vapor from the CV generation
system is mixed with a dry Tl aerosol produced via the
desolvation device. Instrumental mass bias correction was
achieved using T1 (NIST SRM 997) as an internal standard
and external standard-sample bracketing with a NIST SRM
3133 Hg solution. A typical sequence includes measuring the
NIST-3133 Hg standard before and after each sample. The
acid and Hg concentrations of the bracketing solution were
systematically adjusted to within 10% of the sample. On-peak-
zero mode was used during all measurements. MDF is reported
in the d-notation

S Hg = (xxng/lgng)sample
(“*Hg/""Hg)nisra133 (1)

where **Hg is each isotope between 196 and 204. MIF is
reported in A-notations, which are following Bergquist and
Blum™* calculated by

- 1} X 10°(%o)

AHg™ = 1000-({In[(6™*Hg/1000) + 1]}

- B {In[(6*”Hg/1000)] + 1}) Q)

where
B = In(mygg/my..) /In(mygs/myg,) (3)
and m,,, is the atomic mass of the Hg isotope of interest and

P Values for xxx = 196, 199, 200, 201, and 204 are —0.508,
0.252, 0.502, 0.752, and 1.493, respectively.

The kinetic fractionation factors (@) of Hg during the
processes can be estimated as Rayleigh distillation describing a
sink of pseudo-first kinetic order in a closed system

xxx/198 _ 1 axx/198 (a™¥/1%— 1)
R =R, fR

(4)
where R and R, are ™Hg/'”®*Hg ratios for the residual and
initial product, respectively, and « is the ratio of the heavy-to-
light isotope oxidation rates. Introducing the J-notation, eq 4
can be approximated by

1000 + 6™*H
n — g — (axxx/198 _ 1)1n(fR)
1000 + (6*Hg), ()

where (§**Hg), is the initial §**Hg value of the reactant and
the slope represents a®*/'*® — 1 (unit %o). Full details about
the isotope composition of samples used in this study are
provided in the SI, Materials and Methods section. The long-
term reproducibility of the isotope measurements was assessed
by repeated measurements of NIST 3177 (HgCl,) standard
solutions (Table S2).

B RESULTS

Kinetics and Product Formation. The photo-oxidation
rate coefficient J (s™') of Hg in air is given by

J=—In(f )/t (6)

where fy represents the proportion of Hg remaining in the
reaction mixture after time t in relation to the initial value at t =
0 (fr = [Hgl/[Hgly). Under 253.7 nm irradiation, the
concentration of Hg in air experienced the first-order decrease
over time at the pressure range of 46—88 kPa and temperature
range of 233—298 K. Since the termination of irradiation
discontinues further Hg loss, we conclude that it is the excited
state (Hg(®P)) and not ground-state (Hg('S)) atoms that
drive the oxidation over the examined time scale. The ] value is
calculated for each of the investigated pressures and temper-
atures by plotting the natural logarithm of [Hg] vs irradiation
time (Figure 1). The slopes of the linear fit (representing ) fall
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Figure 1. First-order plots of loss of Hg at 88 kPa over time at
different temperatures. The envelope within the dashed lines
represents the 95% confidence interval.

in the range from 2.5 X 107 to 1.0 X 107> s™! (Table S3). In
turn, the pressure- and temperature-dependent | is propor-
tional to the Hg absorption cross-section (¢ = 2.5 X 107* cm?
at unity atmospheric pressure™’), the quantum yield for Hg
oxidation (¢), and the photon flux (photons cm™ s™') at 1 =
253.7 nm. Given a photon flux of 1.4 X 10" cm™ s7/, the
calculated ¢ for the oxidation channel (R4) is small at all
pressures and temperatures (<0.03, Table S3). The pressure
dependence of | suggests a chemically activated reaction type
(R4—R6).** Consequently, behind an observational net
recombination of Hg (*P) and O, plausibly hides a complex
chemical system with elements of reversible redox reactions
(SI, Section 1).

The temperature dependence of ] is fitted by the exponential
Arrhenius equation when In ] was plotted vs T~ (Figure 2A).
The corresponding activation energy was determined to be
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Figure 2. (Left) Plot of In] (s™') versus inverse temperature T (K™"). The slope of the fitted line corresponds to an activation energy of 22.8 kJ
mol ™. (Right) Progression of Hg loss and O, formation with irradiation time in the reaction mixture during a typical experiment at 298 K and 88

kPa.

22.8 + 4.6 kJ mol™!, which is small compared to that of the
Hg(’P) state (~249 kJ mol~?*). As shown in Figure 2B, the
loss of Hg in the synthetic air was accompanied by the
formation of Oj. Previous studies on the Hg(°P) + O, system,
conducted at higher Hg concentrations, higher temperatures,
and higher photon fluxes,'””'”*° claimed that from 7'7 up to
60”° molecules of O were formed per atom of lost Hg. In this
study, we observe significantly lower ozone yields at 298 K,
around 2 to 3 molecules of O per atom of Hg lost. The lower
yields can be explained by competing reactions. Reaction 6
followed by R3 and reaction 7 produce one ozone molecule
per lost Hg atom. Another series involves Hg merely as a
photosensitizer via R1, which is then followed by R2 and R3.

Isotope Fractionation in Residual Hg during the UVC-
Induced Oxidation. The Hg isotopic results from the
experiments are given in Table S4, which shows both
experimental parameters and the isotope composition of the
remaining Hg in the reaction mixture (fy, eq 4) for each run.
The mass dependence was evaluated using the kinetic mass-
dependent fractionation law,”” and Figure S3 shows least-
squares fits to Rayleigh plots for the 88 kPa study (eq S) at
298, 253, and 233 K, where kinetic fractionation factors
a*®/1%8 are calculated from the slopes to be —12.0 + 0.8, 74.2
+ 28.1, and 57.7 + 13.1%eo, respectively. However, all of these
values exceed the limit of ~10%o, which is theoretically
possible by kinetic and equilibrium MDF combined. There-
fore, the arbitrarily chosen mass-dependent fractionation based
on the ratio between 202 and 198 is likely biased as these even-
numbered isotopes in themselves are also fractionated in a
mass-independent manner. By comprehensively measuring all
stable Hg isotopes including the five with even mass numbers,
we may construct alternative systematics using an odd—even
standard (e.g., 199H%/lggHg) instead of *’Hg/'**Hg in the
definition of §*Hg.”® The recalculated result highlights the
behavior of ***Hg alongside 196Hg, *Hg, and ***Hg. Figure 3
clearly shows that under the pressure and temperature
conditions examined, all of these Hg even isotopes are
fractionated in an anomalous mass-independent manner during
the oxidation process. The observation of coherent linear
trends between the arrays of Al%/lgSHg, A2°0/198Hg,
AP1%Hg and A?'%*Hg further strengthens our interpre-
tation of a mechanism that does not comply with conventional
MDF calculated by /1% = (@?*/198)/ (for % see eq 3).
The reaction between ground-state Hg and ozone as a
potential source of secondary Hg oxidation in the Hg + O,
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Figure 3. Relationship between MIF for the array of even-Hg isotopes
using an alternative odd/even isotope ratio standard.

system, on the other hand, follows low-level MDF (Figure S4
and Table SS) and cannot give rise to the strong MIF overprint
in the reaction mixture. This follows that MDF as described by
the kinetic isotope theory applies to isotope effects arising from
the rate-limiting step of thermally driven processes. For the
heaviest elements such as Hg, NVE also contributes to
determining net MDF°.

Returning to reporting Hg isotope fractionation as
recommended by Bergquist and Blum, the result of the
evaluation of the multi-isotope MIF is shown in Figures 4 and
5. The magnitude of MIF decreases in the order ***Hg > '*’Hg
~'%Hg > *'Hg > *Hg and the overall magnitude tends to
increase with temperature and pressure. These physical
dependencies are evidence that the origin of MIF stems from
the dissociation of labile mercury oxides (back reactions, see
discussion below). Odd-MIF signatures (A'*”Hg and A*"'Hg)
have the same sign (positive in the Hg pool) while its ratio
A'"Hg/A*'Hg attains an increasing slope with increasing
temperature (1.43, 1.44, and 1.87 at 233, 253, and 298 K,
respectively, Figure 4, left) at 88 kPa. Odd-MIF ratios reported
for CFL-trapped Hg® show a substantial scatter falling in the
range of —1.9 to —1.1 and for A" Hg consistently carry a
negative sign (Figure 4, right). Again for even isotopes, CFL-
trapped Hg data show a diffuse distribution with weak
correlations between Al%Hg, AZOOHg, and A2°4Hg (Figure S
right). In our study, A**Hg and A***Hg show values with
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Figure 5. Scatterplots of A’Hg vs A®Hg trajectories in the remaining Hg during photo-oxidation at the three investigated temperatures of
isobaric conditions at 88 kPa (left). At the two higher temperatures, the left panel is supplemented with A®*Hg—A?**Hg data. In the right panel,
the A°Hg and A*®Hg scatter versus A***Hg are reported under isothermal conditions (253 K) at the two reduced pressures of 46 and 61 kPa.
Literature data on trapped (oxidized) Hg in the glass frame of CFL has been entered in the right figure (rosy brown filled markers toward the right)
as well. The latter dataset contains one AHg—A**Hg value that is outside the scale in right.

opposite signs, and the even-MIF diagnostic ratio (A**Hg/
A*Hg) increases at 88 kPa from —0.19 at 233 to —0.09 at
298 K (Figure $ left). In the same panel, we also show in the
left panel of Figure S correlations of A'Hg with A***Hg
(ratios of 0.78 and 0.41 at 298 and 253 K, respectively, at 88
kPa). Considering the low-temperature and low-pressure
conditions resembling high altitudes, the Hg isotope
fractionation at lower pressures (46 and 61 kPa) at 253 K is
also investigated. As shown in Figure 4, the A"”Hg/A*'Hg
ratio decreases with decreasing pressure, from 1.44 at 88 kPa to
1.33 at 61 kPa and 0.96 at 46 kPa. Consequently, the low
pressure and temperature suppress the magnitude of A'*Hg/
AZOng. In contrast, the AZOOHg/ A204Hg ratio increases
slightly at 253 K with decreasing pressure, from —0.18 at 88
kPa to —0.16 at 61 kPa and —0.10 at 46 kPa. As shown in
Figure 5, right, the AZOOHg/ A2°4Hg ratio thus appears to attain

13432

a shallow minimum value at reduced atmospheric pressure and
freezing temperatures (253 and 233 K).

Gaseous Hgo, the major form of Hg in the atmosphere,29 is
oxidized to gaseous HgII species,30 which are water-soluble,
partition to particulates,”’ and thus easily scavenged by
precipitation. A regression analysis based on pooled global
precipitation samples shows a A**°Hg/A***Hg slope of —0.2,
which is consistent with our experimental data. Considering
that the relationship between A***Hg and A***Hg shows large
spatial and temporal scattering in global samples (Figure S5),
the photoredox chemistry presented in this work can partially
explain even-MIF in the atmospheric environment, where
mercury exhibits complex redox chemistry not only in clouds
and aerosols but also in the gas phase on a shorter time scale in
parallel with physical removal. Rapid gas-phase photoreduction
of major Hg" species produced in the atmosphere takes place
leading to gaseous Hg® being indirectly or directly regenerated
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Figure 6. Summary of proposed reactions occurring in the Hg—O, system with 254 nm light present. Secondary chemistry involving H,O to
potentially stabilize the HgO, reaction products by solvolysis in the atmosphere has been included.

as suggested by Saiz-Lopes et al.' As described below, we
attempted to derive the origin of MIF from photoreductive
processes in the UVC light chemically activated Hg + O,
system. Since similar unimolecular dissociative processes are
central to the atmospheric cycling of mercury, our results may
indicate that even-MIF triggering is characteristic of multiple
gas-phase Hg' photolysis reactions.

Reaction Mechanisms and Origin of the Anomalous
Isotope Effect. Although the values of the A'””Hg/A*'Hg
ratio observed in this study (ranging from 1.0 to 1.9) may
indicate controls from either MIE or NVE, the magnitude of
the odd-MIF is different from what was previously reported for
processes studied in the laboratory and the field. MIE is
imparted by a radical pair mechanism linked to the restricted
movement of radicals relative to one another (cage effect),
which occurs in the gas phase only at high pressures.’”” NVE
has been described for equilibrium exchange reactions but has
never been expanded to kinetic processes. Deviating from the
low magnitude observed in natural samples, the possibility that
nonequilibrium isotope effects of NVE in photodissociation
may give rise to a significant magnitude of MIF has recently
been suggested.” Nevertheless, for equilibrium fractionation,
NVE-driven even-MIF is minor in relation to odd-MIF and is
also of the opposite sign to A’Hg signals observed in
nature.”” Prior to this study, large MIF of even-Hg isotopes
was observed only inside CFL,® where the MIF is confined to a
very small fraction (<1% of the total Hg in the CFL) of mixed
oxidation states that gives a dark coloration.®® This small Hg
fraction is incorporated into the glass probably by diffusion of
Hg ions generated in the plasma.” Sulfur- and oxygen-MIF has
been documented in a number of gas-phase reactions with
several hypotheses proposed for the underlying mechanism(s).
They include symmetry-, abundance-, and reaction rate-
dependent isotope selective mechanisms.*® The observation
of enrichment of all Hg isotopes relative to the most common
one (**Hg) in a CFL led Mead et al. to suggest the presence
of an abundance ratio-dependent effect.* The conditions for
one of these, self-shielding, are favorable during radiation
trapping but cannot satisfactorily explain the MIF observed in
CFL

It is important to recognize the differences in operating
conditions in a CFL from those in the reaction chamber used
in the present study. A CFL atmosphere is characterized by
low pressure (400 Pa), the presence of an inert filling gas (Ar),
and a t;})mal Hg vapor—liquid equilibrium temperature of 40—
60 °C.”" Most of the input power of Hg—Ar discharges in CFL
(standard Hg mixing ratio > 1000 ppm) is released as 254 nm
light. Because of radiation trapping, the effective lifetime of
Hg(®P,) in a CFL is much longer than that in our study. In
addition to the divergent Hg(°P,) lifetimes, the isotopic and
hyperfine components of the 254 nm Hg line appear as five
fully resolvable groups in a standard CFL atmosphere®® but as
a single, broad absorption profile at the pressure range of our
experiment.”’ Self-shielding should not be important in our
experiment since the eﬁ”ect benefits from the Hg absorption
features do not overlap, as is the case in a CFL but not in our
experiment. Precipitation analysis of all stable Hg isotopes
distribution now implies that self- shleldlng lacks relevance in
the atmospheric chemistry of Hg.® Isotope-dependent kinetic
differences are not expected in our photolysis experiments
concerning the Hg(*P) chemistry™ but could be the case for
the photochemistry of the oxidized Hg pool.

The observed MIF increase with pressure and temperature
together with kinetic data indicates that dissociative processes
rather than recombination within the framework of chemically
activated reactions can be sources of the anomalous isotope
effect. A combination between Hg(*P) and O, yields isotope-
enriched HgO if the light source containing an excess of the
target Hg isotope and a scavenger (e.g, a diene) is added to
the air mixture.”” Such photochemical isotope separation
proceeds under conditions promoting radiation trapping.”’
Using relatively low Hg concentration and atmospheric
pressure, Hippler et al.'> observed formation of a long-lived
excited intermediate that was in a previous study™ assigned to
HgO, tentatively produced by R4 + RS. The overall addition
step (R4 + RS) is exothermic and therefore likely to proceed in
the gas phase. More recent experiments and computations
indicate that the empirically formulated HgO, is the linear
OHgO molecule that is ~167 k] mol™ (in the 323_ state)
more stable than Hg(°P) + 0,."! In addition to exothermic
dissociation to Hg('S) and O, feasible via the asymmetric
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HgOO isomer, OHgO can react further to HgO by O transfer
to either dioxygen or to its odd oxygen analogues (O; and O
atoms) (Figure 6). R7 is approximately of the same magnitude
as the activation energy of the oxidation, while the reactions
with odd oxygen are clearly exoergic. However, there are
doubts about the stability of the proposed product HgO, which
as a molecule is only slightly more stable (~21 kJ mol™") than
Hg('S) + O(’P). ** Recent high-level ab initio calculations
predict a trlplet (’IT) ground state for HgO prone to
oligomerization.” The dissociation energy of 222 + 33 kJ
mol™' determined by Grade and Hirschwald** possibly
corresponds to an oligomer rather than a single HgO
molecule.” This argument has been supported experimentally
by laser desorption ionization tlme of-flight mass spectrometry
(LDI-TOF MS) on solid HgO," which shows that the HgO
molecule is marginally stable in the gas phase and promptly
polymerizes into (HgO), clusters (instrumentation upper
detection limit n < 34) or dissociates when exposed to light
(355 nm). The photopolymerization may be written as

n>4

2HgO = (Hgo)2

polymerization

(Hgo)2+n

HgO(s) (R8)

where dissociation for >2 + n = 6 oligomers was not detected
in LDI-TOF MS spectra.” Photo- and thermal decomposition
of molecular HgO follow™®

hv/M
HgO = Hg('s) + O(’P) (R9)

The absorption spectrum of HgO(g) (4 > 254 nm) exhibits
a shape that is essentially structureless, which concludes that
R9 proceeds via a direct photodissociation mechanism. A
limitation in the gas-phase chain formation en route, via
aggregation, to solid H 0" (R8) is the lifetime of the
initiating molecule H §O Net formation of HgO(s) occurs in
laboratory studies,"”"” but it cannot be ruled out that this is
due to control by wall reactions inside the reactor and
therefore photosynthesis of HgO in the atmosphere may be
viewed with skepticism.'® Although Hg gas-phase oxidation in,
e.g., polar air has been attributed as a source of new particle
formation,”” polymerization can be dismissed as a viable
pathway for stabilizing the product in the atmosphere,
reactions with major species that can convert HgO to a fully
two-coordinated Hg binding environment are strongly favored.
Unlike solid and aqueous phases where the species is not
known, Hg(OH), has been identified as a very stable molecule
in the gas phase against photolysis’"*® and the reaction
between HgO and water vapor is enormously favorable with
the product of about 238 kJ mol™ lower in energy™’

HgO(g) + H,0(g) — Hg(OH),(g) (R10)

As with O,, Hg can photosensitize the H,O molecule, and
experiments with Hg(3P) + H,0 gas mixtures give rise to net
oxidation of Hg vapor.*” Although R10 and analogous
reactions with the smallest oligomers of HgO (Figure 6)
may theoretically be attributed to mitigate for the high
probability of prompt dissociation (R9), they are however
hitherto experimentally uncharacterized, extremely challenging
to examine, and are beyond the scope of this study.

Given that MIF detection is limited to elements with at least
three stable isotopes, substantial dissociative MIF in the
photolysis of molecular gases is common for those bearing
oxygen (three stable isotopes) and/or sulfur (four stable

isotopes).” The intricacies of dissociation are complex to
model, particularly when the system of interest is at the
isotopic level. Several theoretical attempts have been made to
understand dissociative MIF in the gaseous phase qualitatively,
as a diatomic direct dissociative process such as R9 excludes
self-shielding and symmetry dependence as the mechanism but
not kinetic MIF-effects associated with, e.g., different state-to-
state transition probabilities of the isotopomers from a bound
state ultimately to dissociated products.”’ New findings on
atmospheric Hg chemistry have supported that photodissoci-
ation mechanisms are fundamentally important and cause
major molecular Hg spec1es to revert rapidly directly to Hg or
indirectly via Hg' radicals." The reaction steps considered for
dissociative MIF are R9 and the hypothetical HgOO —
Hg('S) +0, (Figure 6), while the actions of isotope exchange
reactions and other mass-dependent processes gradually
remove the imprinted MIF unless the effect is captured in a
stable product. In addition to photodissociation of monomers,
photopolymerization accompanied with MIF has been
experimentally confirmed®® and theoretically discussed.’”
Harman et al.>” argue that the back reactions for certain
oligomers during the chain formation trigger MIF, which here
relates to the decomposition of the smallest HgO clusters
(especially the dimer) in R8. These clusters are considerably
less stabilized relative to the parent HgO molecule than the
case for larger clusters (2 + n > 6), which are more strongly
bound by an energy approaching that for one-dimensional
crystalline HgO (—268.4 kJ mol™').*” From LDI-TOF MS
spectra, it appears that the photodecomposition of (HgO),,,<s
proceeds not only by fragmentation into smaller HgO units but
also by the formation of clusters with Hg—Hg bonds after
oxygen atoms have been abstracted.*’

In summary, the net oxidation in the UVC-irradiated Hg—
O, system follows a pressure- and temperature-dependent
kinetics corresponding to a chemically activated gas-phase
reaction (R4—R6). Further details of the reaction mechanism
are obtained from the observation that MIF increases under
higher pressure and temperature (Figures 4 and S), which is
compatible with the decomposition of HgO,, species (e.g., R9
and R4) being thermally conditioned and affected by a third
body (M). Atmospheric photodissociation as the origin of
anomalous fractionation of both odd (*3S) and even (%°S)
isotopes was observed for S without, despite considerable
effort, knowing clearly through which underlying processes.
The emergence of anomalous Hg isotope fractionation can be
traced to the marginal stability of HgO, and the smallest HgO
oligomers with respect to fragmentation. We have also
demonstrated diminishing fractionation factors with the
increasing net oxidation rate, which has been attributed to
the occurrence of a multiple-step reaction.”®> The reaction
scheme applicable to the laboratory experiments is summarized
in Figure 6. As aforementioned, oligomerization cannot be
attributed to any significance in the atmosphere and the
potential role of water vapor as a reactant in secondary
chemistry leading to stable mercuric hydroxide compounds
with imprinted MIF has been indicated in the figure.

Implications of Atmospheric Sources of even-Hg-
MIF. The substantial span in 6*“Hg observations under the
experimental conditions of this work is largely an effect of the
pressure and temperature dependence of the multistep
reversible processes of HgO, outlined above inducing MIF,
which in turn influences the magnitudes of odd- and even-MIF
signatures as well as the diagnostic ratios of A***Hg to A***Hg
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and A Hg to A*'Hg. The regulation of the atmospheric
odd-MIF has been thought to be controlled through aerosol
photoreduction (—MIE) and photoreduction in surface
reservoirs that give rise to Hg effluxes into the atmosphere
(e.g, plant- and snow-sourced: +MIE,”* soil- and marine-
sourced: —MIE®®), while anthropogenic Hg input to the
atmosphere carries near-zero A'””Hg and A**'Hg.” The mass
flow through the above-mentioned photochemical channels is
large®® compared to that of gaseous HgO photoreduction. The
latter is of minor relevance in determining the odd-MIF of
atmospheric Hg and was evidenced by the large even-MIF
triggered by photofragmentation. The process results in
negative A**Hg in unreacted Hg and positive A**’Hg in the
product following A**Hg/A***Hg ratios that for free tropo-
spheric temperature and pressure conditions investigated are
similar to those observed in global precipitation samples.

When assessing the possibility of an Arctic even-MIF source,
Mead et al.® concluded that the slant column densities of
atmospheric Hg (~10" atoms m™> assuming a Hg
concentration of 1.5 ng m™) that solar irradiance passes
during winter at high latitudes exceed the perpendicular ones
at the tropics by one order of magnitude. However, due to the
stratospheric O layer, actinic sunlight lacking UVC (especially
lacking ~185 and ~254 nm bands) may preclude tropospheric
photoproduction of Hg(*°P) atoms. Above 30 km, R4 operates
by the abundance of UVC radiation generating Hg(°P) and
Hg('P) atoms.'®*® There is emerging evidence that significant
concentrations of stratospheric Hg exist only up to 4 km above
the tropopause.”” Extrapolation of our measurement data to
stratospheric pressure levels (only small even-MIF triggered,
Table S4) in combination with very low Hg concentrations
indicates that these reactions as a stratospheric source of even-
MIF are not likely.

There are major gas-phase reactions in the lower atmosphere
that can lead to photochemical production of HgO as a MIF
source by subsequent dissociation. Gross atmospheric Hg
oxidation is initiated by Br atoms™® and plausibly also by OH
radicals,**” which follow analogous two-step processes
(hereinafter for the Br case)

Hg('S) + Br + M = BrHg' + M (R11)

BrHe! M I
rHg +Y — BrHg Y (R12)

where Y is an abundant radical. In a previous study, we
examined R11 and R12 (Y = Br) at room temperature without
finding definite evidence of significant even-MIE."' Recent
computational studies*®*” suggest that atmospheric products
from R12, BrHg"OOH, and syn-BrHg"ONO readily photo-
dissociate in the atmosphere yielding BrHg"O, which
alternatively can be produced by oxidation of BrHg' by
ozone'. Analogously, HOHg"O can be formed by the HOHg'
+ O, reaction.”® As for BrHg"OOH and syn-BrHg"ONO, no
experimental data exist for BrHg"O and HOHg"O. However,
theoretical calculations suggest that these oxides are photo-
labile yet stable with respect to thermal dissociation with a
stronger Hg—O bond than in molecular Hg"0.®" The
atmospheric fate of the proposed key intermediates ZHg"O
(Z = Br and OH) is governed by photodissociation,*
abstraction of a H atom from CH, and reduction by
CO.” Photolysis of ZHg"O (atmospheric lifetime ~ 30 s for
BrHg"O) takes place by breaking the Hg—Z bond with HgO
as the primary photoproduct™®

o~ W 1
ZHg O - Hg O+ Z (R13)

Thus, if R13 has atmospheric significance, it is doubtful
whether gas-phase Hg(’P)-initiated processes and other
potential Hg('S) oxidation schemes'® can photosynthesize
HgO. Nevertheless, a state-of-the-art global model with
comprehensive Hg, Hg', and Hg" chemistry (CAM-Chem)
evaluated against atmospheric Hg observations infers missing
Hg oxidation pathways in the lower atmosphere (e.g.,
simulated wet deposition is underestimated).' Although
these pathways remain to be identified,” it is required that
the product is considerably more stable than those from R13
for the oxidation step to be significant with respect to
photoreduction or that Hg" species formed are rapidly
stabilized (R10). Precipitations carrying the largest observed
even-MIF signatures® and increased Hg"" wet deposition have
been linked to convective precipitation® and thunderstorms.®*
Kaulfus et al.*® found that the highest Hg'" deposition is caused
by high-reaching supercell thunderstorms characterized by an
excessive amount of lightning. Precipitation data from the
tropics show a strong positive correlation between wet Hg"
concentration and the maximum height in cloud where rain is
detected (echo tops).®® Evidence exists for formation of Hg" at
higher altitudes in the tropopause region66 and several km up
in the stratosphere is generally aerosol-bound Hg" detected
with a relatively high Hg content in small particles at
nanometer size.®” Unlike stratospheric HgH, significant losses
of Hg" below the tropopause occur through convective cloud
scavenging.

If phase equilibrium is assumed for Hg", a parameterization
based on temperature and PM2.5>" gives that >99% Hg" is
attached to particles at a conservatively low tropopause aerosol
level®® In addition, the temperature of down to —50 °C
stabilizes intermediates that promote net oxidation.” A
compilation of measured Hg" altitude profiles shows a global
maximum at 15 km altitude (~0.25 ng m~3), which CAM-
Chem simulations with the updated Hg"" photochemistry
severely underestimated." According to Francés-Monerris et
al,*® R13, the main source of tropospheric HgO, occurs at a
rate of 0.56 X J(BrHgO), where J(BrHgO) is 2.95 X 107 s~}
in the global troposphere. For photoproduction of HgO via R7
in the upper troposphere, approximated from J (253 K, 45
kPa) estimated in this work and of the same magnitude as that
from R13 under actinic light, a photon flux of ~2 X 108 ecm™
s”! at 253.7 nm is required. Although it cannot be ruled out
that discrete photon fluxes of similar magnitude may be
produced in the blackbody radiation from powerful cloud-to-
ground lightnings (>10,000 K),* it is unrealistic to attribute
any global significance to Hg(*P)-induced oxidation, in
addition to the low solar UVC flux in the upper stratosphere.'®
The similarities in A**Hg/A?**Hg observations between the
laboratory experiments and atmospheric samples point to a
possible chemical process that labile molecules such as HgO
are bearing intermediates in the atmospheric redox chemistry
of mercury. The emergence of even-MIF in the absence of
plausible oxidation channels requires further theoretical and
experimental investigations. Excluding LDI-TOF MS experi-
ments with solid HgO as the source,” gaseous HgO lacks
experimental characterization. Assessment of the stability and
potential reactions of HgO (R10) requires advanced laser
spectroscopic methods, which possibly generate robust levels
of HgO through the spin-allowed and thus fast Hg('S) +
O('D) reaction. In addition to laboratory studies, future field
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experiments reporting isotopic Hg and Hg" vertical profiles in
the atmosphere may help further constrain even-MIF sources.
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