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Beyond the tropopause hypothesis: Drivers of even 
mercury isotope fractionation unraveled by 
3D modeling
Zhengcheng Song1,2*, Shaojian Huang1, Peng Zhang1, Tengfei Yuan3, Xin Miao1, Kaihui Tang4, 
Guangyi Sun4, Xuewu Fu4, Ruoyu Sun5, Wang Zheng5, Jiubin Chen5, Yanxu Zhang3*

Mercury (Hg) is a globally persistent contaminant with substantial health impact. The mass-independent fraction-
ation of even mercury isotopes (even-MIF, denoted as Δ200Hg) is widely used to trace atmospheric Hg sources and 
fluxes. However, the chemical processes inducing even-MIF remain largely unknown. Here, we develop a three-
dimensional atmospheric Hg isotope model linking Hg redox processes with even-MIF. The results show that the 
previous hypothesis of even-MIF occurring exclusively at the tropopause may not fully explain the global Δ200Hg 
patterns. We speculate OH-initiated reactions and photoreduction of HgII(p) as likely dominant drivers. Simula-
tions show that even-MIF primarily originates in the free troposphere and propagates downward to surface air. 
Our results reveal distinct spatial Δ200Hg variations that were previously unaccounted for in tracing Hg sources. 
This study provides critical insights into even-MIF drivers and serves as a reference for using Δ200Hg to trace atmo-
spheric Hg sources.

INTRODUCTION
Mercury (Hg) is a potent neurotoxin that adversely affects human 
health, wildlife, and ecosystems worldwide (1). Anthropogenic activi-
ties, such as fossil fuel combustion and metal mining, have substan-
tially increased Hg emissions, leading to widespread environmental Hg 
contamination since the industrial era (2, 3). The atmosphere, serving 
as a medium for Hg transport and deposition, is the primary source of 
Hg to both the ocean and land (4). Stable Hg isotopes can elucidate at-
mospheric sources (5–7), typically exhibiting distinct mass-dependent 
fractionation (MDF; δ202Hg) and mass-independent fractionation for 
odd mass isotopes (odd-MIF; Δ199Hg and Δ201Hg) and even mass iso-
topes (even-MIF; Δ200Hg and Δ204Hg) for different Hg species. MDF 
occurs in almost all physical and chemical processes, while the odd-
MIF mainly associated with photochemistry processes (8, 9). The even-
MIF is assumed generated in the upper troposphere and/or tropopause 
through photochemical reactions and is considered as a conservative 
tracer in the lower atmosphere and extensively used for tracing atmo-
spheric inputs of Hg (10–12). However, such an assumption has not 
been evaluated globally and the specific processes and mechanism of 
even-MIF remains largely unknown (8, 9).

Early studies suggested that even-MIF is induced by photochem-
ical reactions of Hg in the upper atmosphere. Notable positive 
Δ200Hg (up to 1.2‰) was first observed in precipitation and snow in 
North America (12–15) and suggested to be triggered by photo-
initiated oxidation of Hg0 occurring on aerosol or solid surfaces in 
the tropopause (11, 12). Positive Δ200Hg (~0.2‰) was also reported 
in both gaseous HgII and precipitation at high-altitude sites (10) and 

suggested to occur via HgI and HgII photolysis on aerosols involving 
magnetic halogen nuclei. Recent studies have also reported positive 
Δ200Hg values (~0.1 to 0.2‰) in surface urban and marine aerosol, 
but the correlation with the upper atmosphere remains unclear, 
adding complexity to the explanation of observed even-MIF in the 
atmosphere (16–20).

Experimental studies have suggested the Hg0 + Cl reaction and 
the photodissociation of mercuric oxides in the ultraviolet C (UVC)–
irradiated Hg-O2 system as triggers for even-MIF (21, 22). Theoreti-
cally, the nuclear volume effect may cause small even-MIF (23, 24). A 
molecular magnetic isotope effect is also supposed to induce even-
MIF (10), but this effect is limited in the aqueous phases, as water is 
required to hydrate the Hg-ligand radical pairs produced by photoly-
sis, creating a cage effect that can extend the lifetime of the radical 
pair sufficiently for fractionation (25–27). Other studies have also 
discussed the possibility of even-MIF caused by self-shielding (28) 
and neutron capture (11). However, the magnitude of these effects is 
much lower than the observed variability of even-MIF in the envi-
ronment. These studies are challenging due to the complexity of at-
mospheric Hg chemical processes, which are difficult to isolate and 
replicate accurately in laboratory settings. In addition, the atmo-
spheric transport, mixing, and deposition processes can disperse 
even-MIF signals far from their locations of origin, adding further 
complexity to their interpretation.

Here, we synthesized isotopic signatures from Hg emission sourc-
es and even-isotopic fractionation during redox processes to develop 
a comprehensive model representation of the even-MIF in the atmo-
sphere based on the GEOS-Chem platform. The model accounts for 
the transport of individual Hg isotopes, their anthropogenic and nat-
ural emissions (29, 30) (Table 1), chemical transformations, isotope 
fractionation, and both dry and wet depositions (31, 32). It incorpo-
rates the latest chemical mechanisms that propose over 30 redox reac-
tions that are categorized into four redox pathways (29): three 
oxidation pathways converting Hg0 to HgII—initiated by bromine 
(Br), Chlorine (Cl) and hydroxyl radicals (OH)—and a key photore-
duction pathway of HgII in heterogeneously particulate matter 

1School of Atmospheric Sciences, Nanjing University, Nanjing, Jiangsu 210023, 
China. 2Frontiers Science Center for Critical Earth Material Cycling, Nanjing Univer-
sity, Nanjing, Jiangsu 210023, China. 3Department of Earth and Environmental Sciences, 
Tulane University, New Orleans, LA 70118, USA. 4State Key Laboratory of Environ-
mental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 
550081, China. 5School of Earth System Science, Institute of Surface-Earth System 
Science, Tianjin University, Tianjin 300072, China.
*Corresponding author. Email: songzc@​nju.​edu.​cn (Z.S.); yzhang127@​tulane.​edu 
(Y.Z.)

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org at T
ulane U

niversity on Septem
ber 19, 2025

mailto:songzc@​nju.​edu.​cn
mailto:yzhang127@​tulane.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adx8401&domain=pdf&date_stamp=2025-09-19


Song et al., Sci. Adv. 11, eadx8401 (2025)     19 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 11

[HgII(p)] (see Materials and Methods) (29). These chemical processes 
incorporate recent laboratory and computational findings and have 
been extensively evaluated against observations (29, 31).

We performed scenarios simulation experiments to evaluate re-
dox pathways capable of reproducing the globally observed atmo-
spheric Δ200Hg signatures (fig. S1). Global measurements of mean 
Δ200Hg values for various Hg species and their spatial variability 
were used to assess the model output. The enrichment factor (E), 
defined as the ratio of product to reactant and reflecting the enrich-
ment of Δ200Hg in HgII and the depletion in Hg0 during redox reac-
tions, was treated as a variable to account for its uncertainty. First, 
based on early even-MIF theory, we assumed that even-MIF is gen-
erated solely by Hg0 oxidation in the tropopause (interlayer between 
the stratosphere and the troposphere) (11, 12). Second, we exam-
ined all redox processes to identify those capable of reproducing the 
observations. Third, we refined the simulations by adjusting enrich-
ment factors to achieve optimal agreement with the global data. The 
optimal simulation identified OH-initiated oxidation and HgII(p) 
photoreduction as the most plausible pathways responsible for 
even-MIF in the atmosphere. Finally, we revealed the spatial distri-
bution of global Δ200Hg signatures and assessed their potential as 
tracers for atmospheric Hg sources.

RESULTS
Hg oxidation above the tropopause is insufficient to explain 
the observations
Our initial simulation experiment examined the hypothesis that 
even-MIF is generated exclusively through Hg0 oxidation in the tro-
popause, as proposed by previous studies (11, 12). To restrict even-
MIF to the tropopause, we leveraged the model’s ability to identify 
the tropopause layer using meteorological data and applied isotopic 
fractionation factors specifically to Hg0 oxidation occurring within 
that layer. We evaluated our simulations against two observational 
constraints: (i) the mean Δ200Hg values for Hg0, HgII(p), HgII(g), and 
HgII(pre) and (ii) their spatial variability. As the enrichment factors 
for these chemical reactions remain undetermined, we varied E over 
a range from 2.6 to 260‰ to test the simulation sensitivity and com-
pared the results with observations (Fig. 1). At a low enrichment fac-
tor [E = 2.6‰, corresponding to 10 times the observed net oxidation 
factor (10)], the model failed to capture the Δ200Hg gradients across 
different Hg species. Specifically, the simulated mean Δ200Hg values 
converged toward a similar average, falling above the observed val-
ues for Hg0 (Δ200Hg0) but below those for HgII(p, g) [Δ200HgII(p, g)] 

and HgII(pre) [Δ200HgII(pre)]. When the E was increased by an order 
of magnitude (E = 26 and 40‰), the modeled Δ200Hg values for the 
various Hg species began to diverge: Δ200Hg0 trended negative, 
Δ200HgII(p, g) approached zero, and Δ200HgII(pre) shifted toward 
positive values (Fig. 1A). However, although the simulated mean val-
ues approximately to the observations when accounting for standard 
deviations (Fig. 1, A and B), the spatial distributions of Δ200Hg in 
HgII(p), HgII(g), and precipitation remained inconsistent with the 
observations (Fig. 1C and fig. S2).

The spatial distribution patterns of the modeled results remained 
relatively invariant to changes in the enrichment factors (fig.  S2). 
Consequently, the correlation coefficients (r) between the modeled 
and observed Δ200Hg values were stable at ~0.7 for Hg0 (P < 0.01), 
0.3 for HgII (P = 0.42), and 0.2 (P = 0.44) for HgII(pre) (Fig. 1C). 
Although Δ200Hg in Hg0 showed a strong positive correlation, the 
variability trends for the simulated Δ200Hg in HgII and HgII(pre) de-
viated markedly from observations, especially for the latitudinal 
variation of Δ200HgII(pre) (fig. S3). This is particularly important be-
cause observational data indicate that HgII and precipitation are 
most affected by the even-MIF effect. Also wet deposition, originat-
ing from the upper atmosphere, provides the most representative 
data for even-MIF in that region. At higher enrichment factors (e.g., 
E = 260‰), although elevated Δ200Hg signatures in the upper atmo-
sphere may influence the lower atmosphere (figs.  S2 and S4), the 
simulations could not concurrently reproduce both the mean Δ200Hg 
values and the spatial variability across different atmospheric Hg 
forms. Therefore, our modeling results suggest that the hypothesis of 
even-MIF occurring exclusively at the tropopause may not fully ac-
count for the global Δ200Hg observations.

Moreover, recent research into stratospheric Hg chemistry has 
speculated on a stratospheric contribution to global even-MIF (33) 
based on the theory that even-MIF may be induced during photolysis 
of mercuric oxides under UV radiation (21). To evaluate this mecha-
nism, we performed a sensitive simulation incorporating even-MIF 
exclusively during stratospheric Hg0 oxidation process with a substan-
tial enrichment factor (E = 200‰). While our model uses a simplified 
representation of stratospheric chemistry compared to recent work 
(33), it nonetheless captures the potential influence of stratospherically 
generated even-MIF on the lower atmosphere and surface deposition. 
However, the model failed to reproduce both species-specific Δ200Hg 
values and spatial distribution patterns (fig. S5). Although the mod-
eled mean Δ200HgII(p, g) (0.11 ± 0.25‰) approximates observations, 
the Δ200Hg values associated with Hg0 and wet deposition deviate sub-
stantially from the measured data (fig. S5), and the modeled spatial 

Table 1. Mercury fluxes and mean Δ200Hg signatures of source emissions. 

Sources* Anthropogenic† Soil‡ Ocean§ Biomass|| Geogenic¶ 

 Flux (Gg year−1) 2.20 0.85 4.80 0.30 0.30

﻿Δ200Hg (‰) 0.00 −0.01 0.04 −0.04 0.00

 1 SD (‰) 0.03 0.03 0.05 0.02 0.02

*Both anthropogenic and natural Hg emission fluxes are from references (29, 34).     †Anthropogenic released Δ200Hg signatures are cited from Sun et al. 
(60, 74).    ‡Δ200Hg signature for soil emission is adopted from Sun et al. (60) and Wang et al. (75).     §The Δ200Hg signature for ocean emission is assumed 
consistent with that in oceanic samples, as synthesized in Jiskra et al. (5).     ||Δ200Hg signature for biomass emission is compiled from references (44, 46, 
76–79).     ¶Δ200Hg signature for geogenic emission are cited from volcanic emissions reported by Sun et al. (74).
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variability of Δ200HgII(p, g) and Δ200HgII(pre) shows only a weak cor-
relation with the observations. These results indicate that, regardless of 
the enrichment factor applied, the simulation fails to reproduce both 
the Δ200Hg values and the spatial distribution of different Hg species. 
This suggests that an exclusively tropopause and stratospheric origin 
may not be the primary driver of global even-MIF. Nevertheless, the 
simulation does not include the most recent stratospheric Hg chemis-
try (33) and thus cannot definitively rule out the possibility of even-
MIF being generated in the stratosphere.

Potential redox pathways inducing even-MIF
We systematically evaluated all relevant redox processes using state-of-
the-art atmospheric Hg chemistry (29) to identify potential chemical 
processes inducing global even-MIF. We first assessed the sensitivity of 
simulated Δ200Hg values to variations in enrichment factors applied on 
the same reaction. As shown in fig. S6, we selected three chemical reac-
tions with enrichment factor of |E| = 0.5‰ and |E| = 1.0‰. The simu-
lated Δ200Hg values exhibited a strict linear relationship, indicating 
that while changes in the enrichment factor affect the magnitude of 
modeled Δ200Hg values, they do not substantially alter their spatial dis-
tribution trends. Based on these findings, we used the observed spatial 
variability of Δ200Hg data to constrain the simulation results for differ-
ent chemical processes.

The Br-, Cl-, and OH-initiated pathways each comprise multiple 
oxidation and reduction reactions. We applied enrichment factors of 

|E| = 1.0‰ to each reaction separately and analyzed the correlation 
between simulated and observed Δ200Hg values. As shown in Fig. 2 
(A, B, and D), simulations involving Br-initiated, Cl-initiated, and 
HgII(g) photoreduction reactions failed to reproduce the spatial 
trends of Δ200Hg for all three Hg forms, yielding low or even negative 
correlation coefficients (r) relative to the observations. The inability 
of these pathways to replicate the observed Δ200Hg distributions 
likely reflects the spatial characteristics of their reaction sites, sug-
gesting that Br- and Cl-initiated pathways are unlikely to be the pri-
mary drivers of global even-MIF. In contrast, simulations attributing 
even-MIF to OH-initiated reactions and HgII(p) photolysis exhibited 
strong correlations with observed Δ200Hg values (Fig. 2, C and E). 
These results indicate that the spatial trends of Δ200Hg values may 
depend on the underlying chemical pathways.

The OH-initiated pathway comprises a series of redox reactions. 
Our analysis revealed strong positive correlations between simulated 
Δ200Hg values across different reactions in this pathway (fig. S7), sug-
gesting that when even-MIF originates from any oxidation or reduction 
reaction within the pathway, the Δ200Hg signal can propagate through 
subsequent redox steps and influences the final product. Consequently, 
the spatial distribution of Δ200Hg values is highly similar across all OH-
initiated reactions (Fig. 2C and fig. S7). This phenomenon suggests that, 
in our model, applying even-MIF to any reaction within the OH-
initiated pathway is equivalent, as the existing observations do not 
constrain a specific reaction. To accurately identify the specific reactions 
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Fig. 1. Results comparison of observations and simulations when even-MIF is restricted in the tropopause layer. (A) Comparison of modeled mean Δ200Hg values 
for Hg0, HgII(p), and HgII(pre) (cycle symbols) with global observational data (shaded areas, means  ±  SD). Observed mean Δ200Hg values are −0.05  ±  0.03‰ (Hg0), 
0.09 ± 0.06‰ [HgII(p, g)], and 0.15 ± 0.04‰ [HgII(pre)]. (B) Modeled versus observed Δ200Hg values for atmospheric Hg species when even-MIF is applied to Hg0 oxidation 
in the tropopause layer (E = 40‰). Error bars represent the reported SD of measured Δ200Hg for: Hg0 (blue), HgII(g) (yellow), and wet-deposited HgII (red) (1δ). Error bars 
for HgII(p) represent spatial variability in observational and modeled datasets. (C) Correlation coefficients (r) between modeled and observed Δ200Hg values under the 
same even-MIF conditions (Hg0 oxidation in the tropopause layer, E = 40‰).
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inducing even-MIF, future experimental measurements or detailed 
chemical calculations are required. Nonetheless, this phenomenon 
enables us to represent the entire OH-initiated pathway by applying 
even-MIF to a selected process in subsequent analyses.

The correlation coefficients analysis identifies three potential 
processes capable of reproducing the global distribution trends of 
observed Δ200Hg data: (i) HgII(p) photoreduction, (ii) OH-initiated 
reactions, and (iii) a combination of both (Fig. 2F). To evaluate these 
possibilities within the constraints of global observations, we tested 
the three processes using various enrichment factors. As shown 
in  Fig.  2 (G to I), the optimal simulated results were obtained at 
E = −0.8‰ for HgII(p) photoreduction, E = −1.8‰ for OH-initiated 
pathway, and E = −0.5‰ for the combined process [involving both 
HgII(p) photoreduction and OH-initiated pathway]. A comparison 
of statistical metrics (table S1) indicates that the combined scenario 

(Fig. 2I) shows a “best case” and aligns more closely with observa-
tions. Specifically, three simulations yielded mean Δ200Hg values 
comparable to observed data, but the combined scenario produced 
the lowest root mean square error (RMSE = 0.06) and a high corre-
lation coefficient (r = 0.65, P < 0.01) for Δ200HgII(p, g), consistent 
with values observed at remote mountain sites (~0.10‰) and in 
near-shore and marine boundary layer environments (~0.05‰). 
Notably, the combined scenario also yielded the lowest RMSE (0.02) 
and highest correlation (r = 0.79, P < 0.01) for Δ200HgII(pre), out-
performing the HgII(p) photoreduction (RMSE  =  0.03, r  =  0.68, 
P < 0.01) and OH-initiated pathway (RMSE = 0.05, r = 0.61, P < 0.01) 
scenarios (Fig. 2, G and I, and table S1). These findings suggest that, 
based on the latest atmospheric Hg chemical mechanisms (29), OH-
initiated chemistry and HgII(p) photoreduction likely play a domi-
nant role in driving atmospheric even-MIF.
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Global distribution of even-MIF
Our model simulates the global distribution of even-MIF in the at-
mosphere (Figs.  3 and  4). Based on the best case simulation, the 
model simulates global Δ200Hg0 values in surface atmosphere rang-
ing from −0.09 to −0.04‰, with higher in the Southern Hemisphere 
(mean: −0.05 ± 0.01‰) compared to the Northern Hemisphere (mean: 
−0.07  ±  0.01‰). Observations are generally sparse and primarily 
clustered in heavily populated regions of the Northern Hemisphere 
(e.g., East Asia and North America) (Fig. 3A). The modeled Δ200Hg0 
is generally comparable with observations, with global mean of 
−0.06 ± 0.01‰ and −0.05 ± 0.03‰ (n = 69), respectively. The mod-
el successfully reproduces the gradient of observed Δ200Hg0 that 
shows higher values in East Asia (model mean: −0.06 ± 0.01‰; ob-
servation mean: −0.03  ±  0.03‰, n  =  25) than in North America 
(model mean: −0.07 ± 0.01‰; observation mean: −0.07 ± 0.02‰, 
n = 39). It also suggests that the global distribution pattern of Δ200Hg0 
is influenced by both emission sources and chemical isotopic frac-
tionation. Despite higher photolysis rates of HgII(p) in East Asia 
(0.08 ± 0.09 Mg year−1) compared to North America (0.01 ± 0.01 Mg 
year−1) (fig. S9A), chemical fractionation has a lower impact in East 
Asia. This is due to notably higher anthropogenic Hg emissions in 
East Asia (~1000 Mg year−1) compared to North America (~50 Mg 
year−1) (fig. S10A) (34), causing the Δ200Hg0 signatures in East Asia 
to primarily reflect near-zero of anthropogenic emissions (Table 1), 
while Δ200Hg0 signatures in North America are more influenced by 
chemical effects and tend to be more negative. Thus, Δ200Hg0 signatures 

in regions with low anthropogenic emissions are more affected by 
chemical fractionation. In addition, the modeled Δ200Hg0 values over 
land are generally lower than those over the ocean. The lower Δ200Hg0 
values can be transported to the oceanic atmosphere by wind 
(fig. S10B), particularly affecting Δ200Hg0 values over the Northern 
Hemisphere oceans. In the Southern Hemisphere, redox chemical 
rates are minimal, especially between 60°S and 80°S (fig. S9, A and 
B), resulting in Δ200Hg0 signatures influenced primarily by oceanic 
emissions (0.04 ± 0.02‰), which are higher than in other regions. 
These findings indicate that while atmospheric Δ200Hg0 is a reliable 
tracer, emission sources and chemical fractionation contribute to po-
tential spatial variations. Therefore, regional atmospheric Δ200Hg0 
characteristics must be considered when applying this tracer to re-
gional mercury cycling.

Compared with Δ200Hg0, the simulated Δ200HgII(p) show opposite 
distribution pattern (Fig. 3B), indicating distinct chemical fractionation 
processes for even-MIF in atmospheric Hg. The modeled Δ200HgII(p) 
values are predominantly positive across most land regions, with a mean 
of 0.08 ± 0.10‰ over land and 0.01 ± 0.04‰ over the ocean. Regions 
experiencing net oxidation of atmospheric Hg, such as partly of the cen-
tral Pacific and Indian Oceans and the high-latitude Southern Hemisphere 
(60°S to 80°S) (fig. S10C), show negative Δ200HgII(p) values. The simu-
lated Δ200HgII(p) align well with observations in both remote mountains, 
urban, and near-shore environment areas, with modeled values of 
0.11 ± 0.07‰ (n = 4), 0.06 ± 0.05‰ (n = 14), and 0.04 ± 0.06‰ (n = 6) 
compared to observed values of 0.10  ±  0.03‰ (n  =  4) (10,  35), 

� �

� �

Δ200Hg0 Δ����������
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‰

‰
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Δ���������� Δ������������

Fig. 3. Results comparison of simulated (annual mean) Δ200Hg and available observations (indicated as points) in the surface atmosphere. (A) Δ200Hg0, (B) Δ200HgII(p), 
(C) Δ200HgII(g), and (D) Δ200HgII(pre). All observations are synthesized from publications, as detailed in fig. S1.
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0.05 ± 0.02‰ (n = 14) (16, 36–39), and 0.05 ± 0.06‰ (n = 6) (13, 40–
44), respectively (Fig. 3B). The simulated high Δ200HgII(p) values over 
land regions, such as Africa, North and South America, and Australia are 
also potentially influenced by Hg transportation from high-altitude free 
troposphere. In urban sites in East Asia, Δ200HgII(p) signatures are pri-
marily shaped by anthropogenic emissions, similar to the Δ200Hg0 signa-
tures discussed previously. Our model also highlights notable variation in 
Δ200HgII(p) signatures within the marine boundary layer. Given the rela-
tively low chemical rates of OH-initiated oxidation and HgII(p) photolysis 
in the marine boundary layer (figs. S9, C and D and S10D), the positive 
HgII(p) signatures in these regions mainly originate from land and free 
troposphere.

The simulated Δ200HgII(g) signatures in surface atmosphere show 
comparable values and patterns to Δ200HgII(p) in both terrestrial and 
marine atmospheres (Fig. 3C) due to the adsorption and desorption of 
HgII(g) on particulate-bound Hg (29). The modeled Δ200HgII(pre) val-
ues show a distribution pattern comparable to Δ200HgII(g) and 
Δ200HgII(p), as precipitation removes Hg from both HgII(p) and HgII(g), 
leading to higher Δ200HgII(pre) values over land (0.13 ± 0.06‰) com-
pared to the ocean (0.08 ± 0.04‰) (Fig. 3D). Our model simulates con-
sistent Δ200HgII(pre) values with observations (0.15 ± 0.04‰, n = 15) 
(14,  15,  45–53), except for the observation at Peterborough, Canada 
(12, 54). The model underestimates the mean Δ200HgII(pre) (~0.16‰) 
compared to observations (~0.30 to 0.40‰) at Peterborough (12, 54). 
This discrepancy may arise from the absence of UV irradiation–induced 
fractionation in our model, which is hypothesized to occur via lightning 
(21) or in the stratosphere (33). This fractionation may potentially influ-
ence isotopic signatures in precipitation during droplets formation, in-
cloud, or aqueous-phase chemistry processes. Another potential source 
of bias could be the model resolution; the 4° by 5° GEOS-Chem model 
may not adequately capture high-altitude precipitation events in North 
America (55), thereby underestimating the elution of Hg with positive 
Δ200HgII values from higher altitudes.

Vertical distributions of Δ200Hg in various atmospheric Hg species 
also exhibit distinct patterns (Fig. 4). The simulated zonal mean Δ200Hg0 
generally shows negative values (global zonal mean: −0.09 ± 0.02‰). 
Elevated Δ200Hg0 values in the Southern Hemisphere are influenced by 
oceanic emissions, which contribute higher Δ200Hg0 signatures to the 
upper atmosphere in this region (Fig. 4A). In contrast, Δ200HgII(p) dis-
plays predominantly positive values (global zonal mean: 0.18 ± 0.11‰) 
(Fig. 4B). Notably, Δ200HgII(p) reaches up to 0.5‰ in the free tropo-
sphere (<800 hPa), driven by enhanced redox activity in this region 
(fig.  S9). This may explain why high-altitude mountain sites (10,  35) 
typically record higher Δ200HgII(p) values than urban areas (16, 36–39) 

and near-shore environment (13,  40–44). While surface values and 
trends are similar, the zonal distribution of Δ200HgII(g) (global zonal 
mean: 0.02 ± 0.11‰) differs markedly from that of Δ200HgII(g) (Fig. 4C). 
This divergence arises because Δ200HgII(g) in the free troposphere is 
strongly influenced by OH-initiated oxidation, which produces 
HgII(OH)2—the dominant gaseous HgII species that does not photolyze 
(fig. S8)— and carries relatively low Δ200Hg values in the tropical upper 
troposphere (<400 hPa). In addition, both HgII(p) and HgII(g) exhibit 
relatively lower Δ200Hg values in the lower atmosphere (>800 hPa), as 
HgII in this area is predominantly formed via the Br-initiated pathway, 
which does not induce even-MIF (fig. S8). These results help explain 
why precipitation typically exhibits higher Δ200Hg values than HgII(p, g) 
in observational measurements. As most precipitation originates in the 
free troposphere (fig. S8A), it efficiently scavenges HgII(g) and HgII(p) 
carrying notable positive Δ200Hg values (fig. S8, B to G).

DISCUSSION
Implications
Our modeling represents an optimal simulation scenario; however, 
further experimental verification is necessary to confirm the specific 
mechanisms underlying even-MIF. Although our results suggest that 
HgII(p) photoreduction may contribute to even-MIF—supporting 
recent hypotheses that a molecular magnetic isotope effect during 
HgII photoreduction on aerosols containing magnetic halogen nuclei 
could induce even-MIF (10)—recent experimental studies on HgII 
photoreduction on soot particles (56) and in aqueous organic ligands 
(10, 57–59) did not detect even-MIF. We speculate that this discrep-
ancy may stem from differences in aerosol type and the surface pho-
tochemical processes occurring in heterogeneous environments, in 
line with recent proposals (12, 17). Based on the “best case” simula-
tion, we additionally imposed odd-MIF only during the photoreduc-
tion of HgII(p) (see Materials and Methods), and the resulting 
Δ199Hg/Δ200Hg patterns partially reproduced observational data 
(fig. S11). This outcome provides further support for the possibility 
that HgII(p) photoreduction, a key source of atmospheric odd-MIF 
(31, 60), may also contribute to the formation of Δ200Hg. Moreover, 
there is currently no computational or experimental evidence link-
ing OH-initiated chemical processes with even-MIF. As the OH-
initiated pathway accounts for roughly half of the net oxidation of 
Hg0 to HgII (29), assigning even-MIF to this pathway is, to some ex-
tent, functionally equivalent to attributing it to HgII(p) photoreduc-
tion. Our model cannot differentiate between these two mechanisms. 
Therefore, we call for additional computational and experimental 

200Hg0 ‰ ‰ ‰Δ Δ� � �

Fig. 4. Distribution of the simulated zonal annual mean across the global atmosphere. (A) Δ200Hg0, (B) Δ200HgII(p), and (C) Δ200HgII(g). The dashed lines denote the 
annual-mean tropopause.
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studies focusing on the atmospheric chemical processes involving 
various types of particulate organic matter and OH radicals.

Our model reveals substantial variations in Δ200Hg signatures in 
the atmosphere, particularly for HgII(g), HgII(p), and HgII(pre) (ta-
ble S2), highlighting the importance of considering spatial heteroge-
neity when using Δ200Hg to trace Hg sources. For example, the 
simulated mean values of Δ200HgII(g) (0.25 ± 0.10‰) and Δ200HgII(p) 
(0.27 ± 0.11‰) over the African continent are notably higher com-
pared to other continents. There are also notable differences in the 
mean values of Δ200Hg for HgII(p, g) and wet deposition in the atmo-
sphere over land and ocean (range of differences: 0.00 to 0.13‰). 
This highlights the necessity of analyzing local atmospheric end-
member Hg isotope signatures in parallel to avoid bias when evaluat-
ing Hg sources and processes, particularly in land, coastal, and 
open-ocean environments. These variations also help explain why 
the box isotopic model can reproduce the observed relative Δ200Hg 
values between Hg0 and HgII but not the absolute Δ200Hg0 and 
Δ200HgII (60), as the box model cannot take into account spatial het-
erogeneity, and the spatial inhomogeneity of redox chemistry deter-
mines the spatial distribution of even-MIF.

Moreover, the model suggests substantial differences in the iso-
topic signatures of various Hg species, indicating the need for future 
research to develop isotopic measurements specific to Hg species for 
tracing the transport and transformation of atmospheric Hg. Mean-
while, given the ease with which HgII(g) and HgII(p) are removed, 
we recommend that dry deposition of atmospheric HgII be consid-
ered when assessing atmospheric sources to Earth’s surface. Future 
observational studies should focus on methods for collecting and 
analyzing isotopic signatures from atmospheric Hg dry deposition. 
In addition, our results indicate that Hg emissions from anthropo-
genic sources can affect Δ200Hg signatures of atmospheric Hg (e.g., 
in East Asia and South America; Fig. 3 and table S2). These findings 
imply that Δ200Hg should be used with caution to identify potential 
sources and calls for more observations and further research to clar-
ify the underlying influence factors.

MATERIALS AND METHODS
Atmospheric Hg model
We use the GEOS-Chem model (version 12.9.0) with a resolution of 
4°latitude by 5° longitude and 47 vertical layers (31, 32). The model 

uses the native MERRA2 (4° by 5°) reanalysis meteorological data. 
Anthropogenic Hg emissions are derived from Streets et  al. (34), 
and all the natural emissions are cited from Shah et  al. (29). The 
model incorporates dynamic coupling between atmosphere and 
earth surface using gridded land and ocean surface Hg concentra-
tions as boundary conditions (29, 30). The dry deposition velocity 
for Hg0 over land is calculated using a resistance-in-series scheme 
(61). Over the ocean, the Hg0 uptake is controlled by the air-sea ex-
change model (62). Dry deposition velocity for the atmospheric 
HgII(g) is biologically unreactive and has a highly high Henry’s law 
constant. Dry deposition of HgII(p) is calculated according to the 
aerosol deposition scheme (62, 63). The model also simulates wet 
scavenging of HgII [sum of HgII(g) and HgII(p)] following the 
scheme proposed by Amos et al. (64) and Liu et al. (65).

This model incorporates the latest advancement in the atmospheric 
Hg chemistry mechanism (29), wherein Br and OH contribute compa-
rably to global net Hg0 oxidation to HgII (Fig. 5). Intermediate products 
of HgIBr and HgIOH can be further oxidized to HgII by ozone and 
radicals. Atmospheric HgII can be speciated in aerosols and could 
droplets, and both gaseous and heterogeneous HgII can be reduced 
back to Hg0 (29). HgII(p) in the tropospheric aerosol can be divided into 
HgII-organic and HgII-inorganic complexes, which are speciated ac-
cording to local mass fraction of organic aerosols in fine particles (29). 
Overall, the chemistry mechanism mainly contains four redox path-
ways, namely, Br-initiated redox reactions, Cl-initiated redox reactions, 
OH-initiated redox reactions, and HgII(p) photolysis on organic aerosol.

Hg isotope model
The three-dimensional atmospheric Hg isotope model is developed 
on the basis of the GEOS-Chem platform as described above. All the 
seven stable isotopes (196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and 
204Hg) are integrated as independent traces, resulting in 175 advected 
tracers in the model. The redox chemistry processes are solved using 
kinetic preprocessor customized for GEOS-Chem (66, 67). The iso-
topes have consistent chemical and physical processes but different 
chemistry rates for processes that induce isotopic fractionation. Both 
the anthropogenic and natural Hg emissions are contained, and the 
corresponding isotopic signatures are also integrated as displaying 
in Table 1. The model simulation spans from 2016 to 2018. By initial-
izing the model with the first 2 years, the third year is used for re-
sult analysis.

Hg0

BrHgI BrHgIIO

HgII(p)

HOHgI HOHgIIO

BrHgIIOH

HgII(OH)2

HgIIX

O3
CO

Br

OH O3
CO

CH4

CH4

hv

Aerosols/cloud
ClHgI ClHgIIO ClHgIIOH

Cl O3
CO

CH4

Fig. 5. The four major atmospheric Hg redox pathways in the GEOS-Chem model. The chemistry mechanism is from Shah et al. (29) (https://pubs.acs.org/doi/10.1021/
acs.est.1c03160; https://creativecommons.org/licenses/by-nc-nd/4.0/).
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We use the same notation as suggested by Blum and Bergquist 
(68) to express the simulated isotope composition. The notations are 
defined as isotope ratio difference between simulated species and 
the NIST-3133 standard in a unit of permil (‰)

MIF is calcuated as below

The xxx/198HgNIST3133 ratios in Eq. 1 are treated as constants, which 
are calculated from Hg atomic abundances in NIST-3133 standard 
(68, 69), namely, 196Hg = 0.155%, 198Hg = 10.04%, 199Hg = 16.94%, 
200Hg = 23.14%, 201Hg = 13.17%, 202Hg = 29.73%, and 204Hg = 6.83%. 
We synthesize the Hg isotope composition (δ and Δ) of each source 
and calculate its isotope ratio (xxx/198Hg) using Eqs.1 to 5. The iso-
tope ratios can divide the total Hg emissions into seven isotopes that 
can be input into the model. After running, we can calculate the 
isotope composition also by using Eqs. 1 to 5.

Isotope fractionation in the model is treated as kinetic processes. 
We slightly perturb the reaction rates of various isotopes to make dif-
ferences of the transformation of the isotope during chemical process-
es. The rules for this perturbation strictly follow the theory of MDF 
and MIF calculations for Hg isotopes. 198Hg is treated as the base iso-
tope that contains the chemistry rates (K198) same as the standard 
GEOS-Chem. The Kxxx for other six isotope is calculated as follows

where the process-based kinetic fractionation factors (αxxx/198Hgtot) 
are defined as the ratio of xxx/198Hg for the product over reactant, 
including two parts: αxxx/198HgMDF and αxxx/198HgMIF. The reported 
αxxx/198HgMDF obey the MDF kinetic laws during Hg transfer (8, 25)

The β is taken as −0.507, 0.252, 0.502, 0.752, and 1.493 for 196Hg, 
199Hg, 200Hg, 201Hg, 202Hg, and 204Hg, respectively. Previous studies 
have reported Hg isotope enrichment factors (εxxxHg for MDF and 
ExxxHg for MIF) during many physical and chemical processes, 
which are calculated from the difference in the MDF and MIF signa-
ture as product over reactant Hg pools (60). Process-based kinetic 
fractionation factors (αxxx/198Hg) can be calculated as follows

The αxxx/198Hgtot is calculated as follows

In this study, we applied the MIF effects to both 199Hg, 200Hg, and 
204Hg isotopes, and we mainly focus on the modeled Δ200Hg values 

for atmospheric Hg0, HgII(p, g), and precipitation, with the modeled 
Δ199Hg and Δ204Hg values are discussed and presented in the Sup-
plementary Materials. The fractionation factors can relatively per-
turb the chemistry rates of 199Hg, 200Hg, and 204Hg, allowing the model 
to replicate a fractionation effect similar to that observed in the at-
mosphere, wherein the HgII enriches odd-Hg and even-Hg isotopes. 
We excluded discussing the MDF, as it is affected by almost all the 
physical and chemical process (8, 70). The simulation of odd-MIF is 
similar with our previous study (31). Odd-MIF was exclusively ap-
plied to the photolysis of HgII(p) process, which can be interpreted 
as MIF brought on by HgII(p) photoreduction. The E199Hg for 
HgII(p) photolysis was estimated at −2.75 ± 0.14‰ (60, 71). How-
ever, in this study, we used E199Hg of −2.25‰, which more accu-
rately reproduces Δ199Hg signatures in atmospheric Hg. In addition, 
we modeled Δ204Hg based on source emissions and enrichment factors 
derived from the empirical relationship Δ200Hg/Δ204Hg = −0.5‰, 
as observed in natural samples (70).

Synthesized observation datasets
We synthesized observed Δ200Hg data from global atmospheric 
samples, including gaseous, particulate, and precipitation samples, 
as shown in fig. S1. Δ200Hg0 observations are primarily located in 
East Asia and North America, with a global mean of −0.05 ± 0.03‰ 
(n = 69). The Δ200Hg0 in East Asia is ~−0.03 ± 0.03‰, a little higher 
than in North America of −0.07 ± 0.02‰. The Δ200HgII(p) data in-
clude observations from land remote mountain sites (n = 4), urban 
sites (n = 14), and marine boundary layer and near-shore environ-
ment (MBL and near-shore, n = 6). The remote mountain sites show 
higher Δ200HgII(p) than MBL and near-shore areas, with means of 
0.10 ± 0.03 and 0.05 ± 0.06‰, respectively. Two Δ200HgII(g) data 
have collected from Grand Bay, USA (0.18 ± 0.07‰) (13) and Pic du 
Midi, France (0.15 ± 0.06‰) (10). Precipitations samples are also 
primarily located in East Asia and North America, with a global 
mean of 0.15 ± 0.04‰ (n = 15). Overall, the data indicate that pre-
cipitation samples exhibit the highest levels of even-MIF fraction-
ation, followed by HgII(p) and then Hg0. These datasets include all 
observed raw data from each site, averaged across the sites, and were 
used to validate the model’s simulation results.

Uncertainty
The uncertainties in our model primarily arise from the Hg iso-
tope signatures of source emissions. As shown in  Table  1, the 
Δ200Hg of GEM emissions has standard deviations ranging from 
0.02 to 0.05‰. To assess the impact of the upper and lower lim-
its (maximum or minimum isotopic composition) of different 
emission sources on the modeling results, we conducted sensi-
tivity simulations. The results indicate that the uncertainties in 
source emissions can lead to shifts of ±0.02 to ±0.03‰ in the 
simulated Δ200Hg0, Δ200HgII(g), Δ200HgII(p), and Δ200HgII(pre) 
(fig.  S12), which has minimal impact on the analysis of these 
Δ200Hg values.

Another source of uncertainty arises from the chemical kinetic 
rate constants governing atmospheric Hg. Although our model in-
corporates recent advances in atmospheric Hg chemistry, several 
processes remain uncertain and may influence the results. For ex-
ample, the photoreduction rate of HgII(p) has not been experimen-
tally determined, and the reduction rate constant in our model is 
based on the photolysis rate of NO2, scaled to match global atmo-
spheric Hg concentrations. Furthermore, the model does not account 

δxxxHg (‰) =
[(

xxx∕198Hg∕xxx∕198HgNIST3133
)

−1
]

× 1000 (1)

Δ199Hg = δ199Hg − δ202Hg × 0.252 (2)

Δ200Hg = δ200Hg − δ202Hg × 0.502 (3)

Δ201Hg = δ201Hg − δ202Hg × 0.752 (4)

Δ204Hg = δ204Hg − δ202Hg × 1.493 (5)

Kxxx = K198 × αxxx∕198Hgtot (6)

ln
(

αxxx∕198HgMDF

)

= βxxx × ln
(

α202∕198Hg
)

(7)

ln
(

αxxx∕198HgMDF

)

= εxxxHg∕1000 (8)

ln
(

αxxx∕198HgMIF

)

= E
xxxHg∕1000 (9)

αxxx∕198Hgtot = αxxx∕198HgMDF × αxxx∕198HgMIF (10)
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for the influence of anthropogenic short-lived halogens on atmo-
spheric Hg (72). To assess the impact of these uncertainties, we con-
ducted sensitivity tests by perturbing all chemical rates by −50 
and  +150%, respectively. As shown in fig.  S13A, the modeled 
Δ200Hg0 is most sensitive to changes in the kinetic rate constants, 
followed by Δ200HgII(p) and then Δ200HgII(pre). Given that the 
Δ200Hg0 values are much lower, the uncertainty in the chemical 
rates has a relatively minor impact on Δ200Hg0 values. However, 
when sensitivity tests were applied only to even-MIF–associated 
chemical rates, the changes in Δ200HgII(p) and Δ200HgII(pre) were 
substantially larger than those in Δ200Hg0 (fig.  S13B), suggesting 
that uncertainties in the OH-initiated chemical and the HgII(p) pho-
toreduction rates notably affect the simulation outcomes. While un-
certainties in chemical rates alter the magnitude of the simulation 
results, they have little effect on their spatial distribution, as evi-
denced by a strong positive correlation between the simulation out-
puts before and after the chemical rate changes (fig. S13, C and D).

Uncertainties in enrichment factors also contribute to variability 
in the modeling outcomes. We considered uncertainties of 50 and 
100% and scaled the enrichment factors based on the “best case” 
simulation. As shown in fig.  S13E, when the enrichment factor 
changes by 50 and 100%, the simulated Δ200Hg0 is most sensitive, 
with changes of 59 and 100%, respectively. In contrast, the modeled 
Δ200HgII(pre) and Δ200HgII(p, g) exhibit changes of 49 and 96% and 
38 and 88%, respectively. As the enrichment factor increases, the gap 
between Δ200HgII and Δ200Hg0 widens, with Δ200HgII shifting posi-
tively and Δ200Hg0 negatively (fig. S13F). Notably, Δ200Hg in precipi-
tation shows the largest variation, while Δ200Hg in HgII(p, g) and Hg0 
exhibit comparable variations. In addition, in our “best case” scenar-
io, we applied the same enrichment factor (E  =  −0.5‰) to both 
HgII(p) photoreduction and OH-initiated oxidation pathways. This 
value is not intended to reflect actual environmental conditions, as 
similar simulation outcomes could theoretically be achieved using 
different enrichment factors for each process. Determining the true 
values of the enrichment factors will require validation through fu-
ture experimental studies.

Moreover, our modeling results are limited by the simplified strato-
spheric Hg redox chemistry, which has been evaluated in recent studies 
(33, 73). Environmental conditions in the stratosphere—such as in-
tense UV radiation, high ozone concentrations, and lower atmospher-
ic pressure—differ notably from those in the troposphere and could 
potentially affect even-MIF. Although our model does not incorporate 
the most recent advances in stratospheric chemistry mechanisms, which 
include 60 reactions (33), this mechanism still involves the three oxida-
tion pathways—Br reactions, Cl reactions, and OH reactions. In addi-
tion, as the Δ200Hg signal can propagate within the same pathway, we 
speculate that the modeling results based on stratospheric chemistry 
(33) should show similarities to our experiments. Although Sun et al. 
(21) reported negligible even-MIF in Hg + O3 + N2 reaction mixtures, 
we advocate for further observational, experimental, and modeling 
studies to investigate stratospheric even-MIF patterns.
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