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Abstract: Evasion from soil is the largest source of mercury (Hg) to the atmosphere from terrestrial
ecosystems. To reduce the uncertainty in estimates of Hg emissions from forest soils, soil-air total
gaseous Hg (TGM) fluxes and vertical profiles of soil pore TGM concentrations were measured
simultaneously for 130 days to improve parameterization of emission models. The soil-air TGM
fluxes, measured using dynamic flux chambers (DFC), showed patterns of both emission and
deposition at five study plots, with an area-weighted net emission rate of 3.2 ng m2 hr™'. The highest
fluxes and net soil Hg emission were observed for an open field, with lesser emission rates in
coniferous (pine) and broad-leaved (camphor) forests, and net deposition in a wetland. Fluxes
showed strong positive relationships with solar radiation, soil temperature and soil Hg
concentrations, and negative correlations with ambient-air TGM concentration and soil moisture.
Using experimental field flux observations and quadratic relationships with the five parameters,
four empirical models were developed to estimate soil-air TGM fluxes. The highest TGM
concentrations in soil gas consistently occurred in the upper mineral horizons in the coniferous (pine)
forest and in the organic horizon in the broad-leaved forest. Strong correlations between fluxes and
TGM concentrations in upper soil horizons (0—10 cm) suggest that TGM in the pores of surface soil
acts as the source for diffusion to the atmosphere. The TGM diffusion coefficients (Ds) between soil
and atmosphere was firstly investigated at the field sites, with the range of 0.0042-0.013 m? hr ..
These values should provide a foundation for future model development.

Keywords: soil-air flux; modeling; budget; soil profile of gaseous Hg; diffusion coefficient
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1. Introduction

Global long-range atmospheric transport and deposition are the main pathway for mercury (Hg)
input to remote ecosystems (Grigal, 2003;Obrist et al., 2018). Soils account for more than 90% of
Hg stored in terrestrial ecosystems (Obrist, 2012;Zhou et al., 2017a). While most studies have
focused on the Hg derived from anthropogenic emissions, recent global Hg models estimate that
3600 + 3200 Mg yr! of atmospheric Hg is deposited to terrestrial surfaces, with 1000 + 2000 Mg
yr! re-emitted back to the atmosphere (Outridge et al., 2018). Additionally, compared to
anthropogenic emissions of Hg (2500 Mg yr!), estimates of re-emissions from soil surfaces are
highly uncertain (Agnan et al., 2016;Outridge et al., 2018;Wang et al., 2018). Compiling data from
132 studies, Agnan et al. (2016) suggest that the Earth’s surface (particularly in East Asia) is an
increasingly important source of total gaseous Hg (TGM) emissions, contributing up to half of the
global emissions from natural sources. They estimated terrestrial TGM emissions of 607 Mg yr™!,
but with a large uncertainty range of =513 to 1353 Mg yr ..

Forest soils receive Hg inputs from the oxidation of atmospheric elemental Hg (Hg0) on foliage
surfaces followed by wet deposition, leaching from throughfall, absorption of Hg® through plant
stomata with litterfall inputs, or direct deposition from the atmosphere as dry deposition (Grigal,
2003;Teixeira et al., 2018;Risch et al., 2017), while Hg outputs from forests soil occur from surface
or subsurface runoff and air-surface evasion. Forest soils are highly complex media, with important
characteristics that affect air-soil exchange, including soil physio-chemical characteristics (e.g.,
porosity, oxygen availability, redox potential, organic matter, pH) (Moore and Castro, 2012;Obrist
etal., 2010). Other factors also influence this process, such as meteorological conditions (e.g., solar
radiation, air temperature, rainfall) (Eckley et al., 2015;Li et al., 2010;Zhou et al., 2015),
atmospheric chemistry (ozone, nitrate radicals) (Peleg et al., 2015), atmospheric TGM
concentrations (Wang et al., 2007) and biological processes (Obrist et al., 2010). Therefore, to
characterize and quantify land-atmosphere exchange of TGM and eventually model global
terrestrial sources to the atmosphere, it is necessary to understand how these factors mediate this
process.

Research should not only focus on the magnitude of Hg emitted from soils and the
environmental factors that influence the reduction of ionic Hg (Hg?") associated with the soil

surfaces to Hg®, but also the physical and chemical dynamics of Hg within soils is essential to fully
3
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understand the regional and global atmospheric Hg budgets (Sigler and Lee, 2006). Numerous
studies have researched soil-air Hg exchange by direct observations in the field or controlled
experiments in the laboratory (Agnan et al., 2016;Zhu et al., 2016). A few studies have attempted to
directly measure pore Hg concentrations within intact soils in the field (Moore and Castro,
2012;Obrist et al., 2017;0brist et al., 2014;Sigler and Lee, 2006) and laboratory (Pannu et al., 2014)
to quantify Hg” formation in soil pores. To date, only one study has examined TGM concentrations
in soil pores and soil-air flux simultaneously. Unfortunately, those measurements were limited in
temporal and spatial resolution (Sigler and Lee, 2006). The dynamics of gaseous Hg concentrations
in soil profiles, the potential diffusive immobilization of pore Hg in soils, and the contribution of
surface soils to the supply of atmospheric Hg are poorly understood and limit the development of
models of land-atmosphere exchange of TGM.

In this paper, we present results of 130-day and multi-plot (five) study of soil-air fluxes and
the vertical distribution of TGM in a subtropical forest located in Tieshanping Forest Park (TFP) in
China conducted during different seasons in 2014. This study is, to our knowledge, the first direct
field measurement of TGM diffusion coefficients between soil and the atmosphere. The aims were
to (1) conduct field measurements to reduce the uncertainty in soil-air fluxes of TGM in forest
catchments; (2) improve an empirical model of soil Hg evasion over complex terrain; and (3)
understand how vertical profiles of TGM in soil pores evolve temporally and spatially and are

related to soil-air exchange of Hg.

2. Materials and methods
2.1. Study area

The fluxes measurement were conducted in a Masson pine (Pinus massoniana Lamb.) stand
(conifer), which was planted in 1960s following a complete destruction of a natural Masson pine
forest at TFP (106°41.24'E, 29°37.42'N). The forest is located about 20 km in the northeastern
position of Chongqing City, with an altitude from 200 to 550 m (Fig. S1). The mean annual
precipitation of 1028 mm with 75% of the rainfall occurs from May to October. The mean annual
air temperature is 18.2 °C. The stand is homogeneous, dominated by Masson pine and some
associated species such as camphor (Cinnamom camphora) and Gugertree (Schima superba Gardn.

et Champ). Clay mineralogy is dominated by kaolinite and the soil is typically mountain yellow
4
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earth (corresponding to an Acrisol in FAO) (Zhou et al., 2018). Detail of the Hg concentrations in
the environment medium showed in the Supporting Information (SI, Supporting Text). The total

area of the studied catchment was 1.06x10° ha in the TFP (Fig. S1).

2.2. Dynamic flux chamber measurement

Previous studies investigating soil-air Hg fluxes have been conducted only over several days
or at a single plot. To reduce the influence of spatial uncertainty of Hg fluxes, different ecosystems
were selected for study in a sub-catchment in the TFP of Chonggqing, including a coniferous forest
(plots A and B), a wetland (plot C), a broad-leaved (camphor) forest (plot D) and an open field with
bare soil (plot E) (Fig. 1). To reduce the influence of temporal uncertainty of Hg fluxes, 130-day
flux observations were undertaken over four seasons (about one-month of continuous observations
for each season) in 2014. Plot A was positioned on the top of the hill slope; plot B was in the middle
of the hill slope; plot C was in the wetland within a coniferous forest; plot D was in broad-leaved
(evergreen) forest and plot E is in open field. Details of the plot instrumentation and sampling period
can be found in the Table S1.

The DFC design and sampling methods are detailed in the SI. A sub-stream of air was trapped
by a pair of gold quartz cartridges at a flow rate of 0.5 L min~!, which was measured by an
integrating volume flow meter. The soil Hg flux was calculated using the following equation:

F=(Co—C)xQlA (1)
where F is the soil Hg flux (ng m 2hr'); C, and C; are the steady state Hg concentrations (ng m™>)
of the outlet and inlet air stream, respectively, which were calculated by the Hg mass detected in
gold cartridges and the corresponding air volume; 4 is the surface area enclosed by the DFC; Q is
the flow rate of ambient air circulated through the DFC (10 L min™!). The pair of gold cartridges
were collected twice a day: every morning (about 8:00) and afternoon (about 17:00) representing
night (17:00—8:00 of next day) and day (8:00—17:00) emissions, respectively. Twenty gold quartz
cartridges alternately used during the sampling. Additionally, diurnal variations of soil-air Hg fluxes

were also conducted in each season, with gold cartridges collected every half an hour.

2.3. Empirical models of soil-air Hg fluxes.

The application of models has been used to estimate Hg emissions from soil to the atmosphere.
5
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For this study, we extend the model developed from factorial simulation experiments by (Lin et al.,
2010) by modeling daily average Hg fluxes as a function of a number of environmental factors,
including the effects of solar radiation, soil temperature, soil Hg concentrations, atmospheric Hg
concentrations and soil moisture. For each plot, the datasets of fluxes measured by DFC and
corresponding environmental factors (meteorological parameters and soil parameters) from four
seasons were performed. If the individual environmental factors and the interaction terms were
determined to be significant, their effects were incorporated into a multivariate surface response
analysis to understand the process variability. This allowed for weighing the effects of
environmental conditions in the nonlinear regression analyses, which used the final predictive
models for Hg flux. Data analyses (estimate of effects and ANOVA) of the factorial experiments
were performed using Spss Statistics 17.0, and nonlinear regression analyses and their visualization
were performed using MATLAB with the Statistics Toolbox. Predictive models were developed
from daily flux observations with corresponding environmental factors in four land-cover categories:

coniferous forest (plot A), wetland (plot C), broad-leaved forest (plot D) and open field (plot E).

2.4. Soil pore TGM measurement and diffusion coefficient

The measurement of soil pore TGM was based on the method of Moore et al. (2011). Soil pore
gas samples were sequentially collected from inverted Pyrex glass funnels installed at different soil
horizons using a vacuum pump and Teflon tubing. The top diameter of the Pyrex glass funnel was
100 mm and the stem length was 100-mm. Mercury in soil pore gas was collected on the gold quartz
cartridges using a flow rate of 20 mL min~!, which eliminated entrainment of ambient air and did
not disturb the soil pore gas profile (Mason et al., 1994;Sigler and Lee, 2006). Flows for each funnel
were controlled by a separate rotameter that was calibrated by mass flow rate meter at the beginning
and end of each sampling period. In the spring, soil pore TGM was measured at plots A and D at
depths of 3, 6 and 10 cm. In the subsequent summer, autumn and winter, soil pore TGM was
measured at plots A, B, D and E at five depths of Oe-Oa soil horizon interface (3 cm depth), the Oa-
A soil horizon interface (6 cm depth), 5 cm into the A soil horizon (10 cm depth), A2-B soil horizon
interface (20 cm depth) and 5 cm into the C soil horizon (50 cm) in each plot. Saturated soil water
precluded measurement of soil TGM at plot C (wetland) (Fig. 1).

Soil-air flux is the relationship of the dynamic diffusion between soil pore TGM concentrations
6

Atmospheric



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-161

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 18 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License. Discussions

161
162
163

164

165

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

189

underneath the soil surface layer and TGM in atmosphere, suggesting that soil Hg® formation and
diffusion influenced the soil-air flux. Based on a two-resistance exchange interface model and Fick’s
first law, the diffusive vertical soil flux, F (ng m™2 hr™!), was calculated from the gradient of TGM
concentration between soil air and the above atmosphere:

Cs—C, I
F =Ds =S—4=pg—
Zi=7y A7

2
where Dy is the overall Hg exchange coefficient of soil-air interface; F is the overall Hg exchange
flux; Cs and C, are the TGM concentrations in soil pore air and soil surface atmosphere; Z; and Z;

are the soil layer depths.

2.5. Environmental Measurements.

At each sampling location, soil samples were collected from the DFC footprint (0—5 c¢m). Soil
Hg and organic matter (SOM) concentrations were determined. Soil percent moisture and
temperature were monitored with Time Domain Reflectometry (TDR) Hydra Probe II
(SDI-12/RS485) and a Stevens water cable tester (USA). Solar radiation was collected with a
weather station (Davis Wireless Vantage VUE 06250 Weather Station, Davis Instruments, Hayward,
CA) located in the TFP Forest Station about 500 m away from the plots. The total Hg concentration
in the soil samples was determined using a DMA-80 direct Hg analyzer (Milestone Ltd., Italy) and
SOM content in soils was determined using the sequential loss on ignition (LOI) method (Zhou et
al., 2013). Detail of the measurements showed in the SI. Quality Assurance and Quality Control
(QA/QC) measures for the recovery, collection efficiency and parallelism of the gold cartridges

before and after the campaign, and for soil Hg determination are also detailed in the SI.

3. Results and discussion
3.1. Landscape- and Forest Species-Dependence of Soil-Air Hg Fluxes at the Forest Catchment
Scale

The soil TGM flux measurements for the five plots were calculated for the day and night, and
reported as mean daily fluxes with standard deviations (SD) (Fig. 2). Over the course of the
campaigns, net TGM emission was observed at the open field, coniferous forest and the broad-

leaved forest, while net deposition was evident at the wetland, with corresponding fluxes (mean +
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SD) of24+33,3.5+4.2,2.84+3.9,0.18£4.3 and —0.80 + 5.1 ng m hr”!, respectively. This pattern
suggests that soil-air Hg fluxes at catchment scale vary by soil properties (including soil parent
materials) and forest species composition. High variability (SD and coefficient of variation
(SD/mean, range of 119-2374%)) was evident in daily Hg fluxes, largely driven by meteorological
variation, demonstrating that measurement of several days may exist a large difference with long-
term study that should be undertaken to reduce the uncertainty of temporal patterns.

The mean TGM flux in open field was about 8.6 times higher than that under the forest canopy
(p< 0.001). Our results are consistent with Ma et al. (2013) and Xin and Gustin (2007), showing
large Hg evasion following forest conversion to bare soils due to direct exposure to sunlight, where
fluxes were enhanced by solar radiation and temperature. Due to frequent heavy rains in the
catchment, large amount of surface runoff converged to the wetland (plot C). Therefore, Hg and
SOM in surface soils were eroded by runoff, which resulted in low soil Hg concentration (Table 1)
and the lowest fluxes of the plots studied (overall net sinks). In addition, soils were mostly saturated
throughout the year, limiting fluxes from the wetlands and likely contributing to the sink behavior,
which was consistent with the Kyllonen et al. (2012) and Lindberg et al. (1998), suggesting the wet
conditions can inhibit the flux. In the broad-leaved (camphor) forest (plot D), litterfall deposition
was twice as high as that in the coniferous (pine) forest (plot A and B) (Zhou et al., 2018), resulting
in greater shielding of sunlight to the surface soil and limiting soil Hg evasion, because sunlight can
both increase solar radiation and soil temperature, which can enhance the photochemical reduction
of Hg?" on soil surface and Hg" evasion after its formation from Hg?*, respectively. Moreover, some
studies have reported significantly higher Hg inputs with a larger fraction occurring as throughfall fluxes
from conifers than hardwoods (Blackwell et al., 2014). Throughfall Hg is likely more reactive than litter
Hg (Renner, 2002) and subsequently higher inputs and throughfall fraction could contribute to higher Hg
evasion from the coniferous (pine) forest. In the middle of the pine hill slope (plot B), soil Hg
concentration was elevated compared to the upslope plot (Table 1), corresponding with higher soil
Hg fluxes. The forest canopy not only influences the soil Hg concentration by atmospheric Hg
deposition, but also alters soil physio-chemical properties (e.g. SOM, pH, porosity) which affect
soil-air exchange. For example, the annual litterfall Hg deposition flux at the broad-leaved forest
(91 pg m2 yrt) was approximately two times greater than the coniferous forest (41 pg m2 yr?)

(Zhou et al., 2018); conversely, the SOM and soil Hg concentration in the broad-leaved forest were
8
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lower than the coniferous forest. Moreover, litter decomposition rate was lower, but Hg
accumulation rate was much higher in the coniferous forest compared to the broad-leaved forest
(Zhou et al., 2018), which resulted in seemingly inconsistent patterns between litterfall mass and
SOM, as well as litterfall Hg deposition and soil Hg concentrations. Tree species can change soil
physicochemical properties (e.g. SOM, soil Hg concentrations) as we stated above, which influences
the soil-air exchange, contributing to much lower TGM evasion in the broad-leaved forest than the
coniferous forest (Fig. 2).

Based on the areal distribution of each plot type (coniferous upland and mid-slope, broad-
leaved, wetland, open) in the study sub-catchment (4.6 ha) (Table S1), the area-weighted TGM flux
was 3.2 ng m~2 hr! for the whole forest catchment. The observations from the campaigns in this
study should reduce the overall uncertainty associated with soil-air fluxes of TGM in the forest
catchment. Previous studies have generally measured soil TGM fluxes at only one location or in a
single forest stand to characterize the whole ecosystem. However, our observations clearly show
that soil-air Hg fluxes differ substantially across different plots in this study, indicating that forest
type and landscape position significantly affect the TGM fluxes between soil and atmosphere.

Soil TGM fluxes not only exhibited clear seasonal variations at all the plots, but also were
responsive to seasonal and meteorological patterns. The fluxes were generally highest in the summer
(Fig. 2), which showed net emissions at all the five plots, followed by spring, autumn, with the
lowest values in the winter, which exhibited net deposition at all plots with the exception of plot B.
The observed seasonal variation was dependent on sunlight because solar radiation drives
photochemical reduction of Hg?" (note correlation between the TGM fluxes and solar radiation, Fig.
S2). Additionally, greater solar radiation increases temperature, which promotes the production of
soil Hg gas by biological and thermal processes (discussed in detail in the next section). We also
observed strong variation in TGM evasion under different weather conditions. For example, the
fluxes were highly variable across the seasons; area-weighted fluxes for the catchment were 4.26,
7.61,1.24 and —0.31 ng m™2 hr™! in spring, summer, autumn and winter, respectively. Therefore, if
soil TGM fluxes were only made for one or two seasons, estimates of annual fluxes could be highly
biased. For example, summer only measurements of TGM evasion would greatly overestimate
annual values. Other environmental factors also significantly influenced the soil-air fluxes. For

example, rain events strongly decreased TGM fluxes at all plots (Fig. S3). Therefore, long-term
9
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observations reduce the uncertainties and bias of temporal patterns of soil-air Hg fluxes and multi-
plot observations reduce the uncertainties and bias in spatial analysis and improve overall ecosystem

estimates soil evasion compared to previous studies.

3.2. Correlations between Environmental Factors and Fluxes

According to a global database, atmospheric fluxes at Hg-enriched sites are positively
correlated with substrate Hg concentrations, but this relationship is not observed at background sites
(Agnan et al., 2016). The soil Hg fluxes were strongly correlated with soil Hg concentrations at
vegetated sites (forests and wetland) of the TFP (r>= 0.97, p<0.01, Fig. S4).

Solar radiation was found to significant increase TGM fluxes in each plot, because photo-
reduction is a major driver of TGM evasion from earth surface (Howard and Edwards, 2018;Park et
al., 2014;Kuss et al., 2018;Song et al., 2018), which was more obvious in the open field due to
greater solar radiation (Fig. S2). The fluxes in the wetland (plot C) were less strongly correlated
with soil temperature compared to the other plots (p<0.01 for plot C and p<0.001 for the other plots,
Fig. S5). Generally, temperature is an important factor that promotes Hg? evasion after its formation
from Hg?* by biotic and abiotic processes in soils (Pannu et al., 2014). However, the wetland soil
was largely saturated. This condition likely blocked soil pore TGM release to the atmosphere,
resulting in the weaker correlation between soil temperature and the fluxes.

During the campaign, significant negative correlations were evident between soil moisture and
soil-air fluxes of TGM at the five plots (r>= 0.03—0.39, p<0.05 for all, Fig. S6). Generally there is
an optimum soil moisture condition that maximizes soil TGM flux (Gustin and Stamenkovic,
2005;Lin et al., 2010;Obrist et al., 2014;Pannu et al., 2014), which ranges from 60% to 80% of a
soil’s water holding capacity (Pannu et al., 2014). A laboratory experiment using undisturbed soil
collected from the TFP study area showed that increasing soil moisture from 2% to 20% increased
the TGM flux 80% at 24 °C (Wang et al., 2014). A second field experiment was conducted to study
the effects of soil moisture on TGM flux at the TFP, showing that increasing soil moisture gradually
decreased the soil Hg emissions over the range of 31-39% (Zhou et al., 2017b). Combining these
experiments, the soil Hg fluxes in the forest catchment should increase from low values of soil
moisture reaching an optimum in the range of 20-30% and then decreasing with increasing soil

moisture above these values. Perennially humid weather results in relatively high soil moisture in
10
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the subtropical forest (largely >25% during the campaigns). Considering the relatively high bulk
density and low porosity of soil at the TFP (Serbotten, 2011), soil moisture likely exceeded the
optimum range for TGM evasion during the campaigns resulting in significantly negative
correlations (Fig. S6).

Soil-air Hg fluxes showed significant negative correlations with atmospheric TGM
concentrations at the five plots (r>= 0.03—0.26, p<0.05, Fig. S7). According to the two-resistance
exchange interface model, the exchange fluxes are controlled by the gradient of TGM concentrations
at both interfaces (Zhang et al., 2002), and therefore elevated atmospheric TGM concentrations
should decrease the diffusion of soil pore TGM to the atmosphere. These results are consistent with
our experiment in this forest, where artificially increasing ambient-air TGM concentrations
significantly inhibited soil Hg volatilization (Zhou et al., 2017b).

Diurnal variation in soil-air TGM flux were observed at plot A (Fig. 3). Soil TGM fluxes were
well correlated with soil and air temperature (p<0.01 for all) and were highly dependent on solar
radiation in spring, summer and autumn (p< 0.01 for all) but not in winter (p> 0.05), which are
similar to patterns from other studies (Agnan et al., 2016;Obrist et al., 2010). Solar radiation has
been shown to promote photochemical reduction of soil-bound Hg and enrich Hg in soil pore gas.
This reaction is also kinetically enhanced at higher temperatures (Eckley et al., 2015;Gustin et al.,
2002;Lin et al., 2010;Zhang et al., 2001). Compared to the other three seasons, the relatively low
soil temperature (5.95 °C) may have limited the relationship between soil TGM flux and solar

radiation during the winter season.

3.3. Estimation of Hg mass-balance

To investigate the process of Hg budget, the flux of Hg input (atmospheric deposition) and the
flux of Hg output from the forest soils (air-to-air emission, leaching to surface and underground
runoffs) were calculated (Fig. 1). The total Hg input includes litterfall deposition and throughfall
deposition. According to the previous study, the annual litterfall and deposition fluxes of Hg were
about 40.5 ug m™? (Zhou et al., 2018) and 67.5 ug m~2 (Luo et al., 2015) in the in the study sub-
catchment. Thus, annual Hg input (litterfall + throughfall) to the forest was 108 pg m=2.

The dominate output pathways of Hg from forest were surface runoff, underground runoff and

soil-air Hg flux. The amount of surface runoft and underground runoff, which are assumed to be 25%
11
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rainfall amount (Liu, 2005) and 50% throughfall amount (Luo et al., 2015) and the Hg
concentrations in surface runoff and underground runoff were 6.2 ng L™! (Wang et al., 2009) and
21.8 ng L™'.(Zhou et al., 2015) The annual output fluxes from underground runoff and surface
runoffs was 6.0 and 2.4 g m2, which was roughly estimated according to the Hg concentration in
runoffs and their volumes in TFP. Therefore, the total output of Hg (surface runoff + underground
runoff + soil-air Hg exchange flux) was 36.4 pg m™ yr™'. The total Hg retention in forest soil (input
— output) was 71.6 g m2 yr?, accounting for 66% of the total Hg depositions, suggesting that

forest soils in the southwestern China are net sinks for atmospheric Hg.

3.4. Development of Empirical Models for Hg Flux from Soils

Predictive models were developed from multivariate regression analysis using the soil-air Hg
fluxes and environmental parameters measured at the five plots. Over the last decade, studies have
established empirical equations of soil Hg fluxes using one or several parameters, but have not
considered air TGM concentrations as a controlling parameter. The empirical equations which
utilize different combinations of parameters are summarized in Table S2. Based on our soil TGM
flux data and the two-layer diffusion model (Zhang et al., 2002), air TGM concentrations should not
be ignored in estimating TGM evasion in forest soils from the region and were used in the regression
analysis to ensure the model’s applicability. Four predictive models were developed from
multivariate regression analysis using the Hg fluxes measured by DFC for different ecosystems
grouped into the four land-cover categories: coniferous forest, wetland, broad-leaved forest and
open field. Our flux factorial experiments and multivariate response analysis considered quadratic
interactions of the environmental parameters considered.

F=(ax8)x [0+ 0T+ 0:W+ 3L+ 04 Ca+ 05 (TxW) + 05 (TXL) + 07 (TxCa) + Os (WXL) + Oy
(WxCa) + 810(LxCa) + 01T+ 02 W2 + 01312 + 014Ca*] - (3)

where a is the scaling factor of soil Hg emission; S. is soil Hg concentration (ng g™'); W is soil
moisture (wt %); L is the fraction of solar radiation attenuated by leaf canopy before reaching to the
ground (W m2), which is parametrized by leaf area index (LAI) in different forest ecosystems
(Wang, 2012); C, is ambient air TGM concentrations (ng m3); T is soil temperature (°C); and &; is
the coefticients of predictors (i = 0—14). The soil Hg concentration was one of the most important

parameters driving soil TGM emissions (Gbor et al., 2006;Lin et al., 2010). In this empirical
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approach soil Hg is multiplied by scaling factor obtained from Fig. S4 (¢ =2.8 x 102 gm 2 hr'!),
similar to the approach used by Kikuchi et al. (2013). All the soil parameters were measured in the
soil depth of 5 cm.

The four different sets of model coefficients were derived separately from the flux data from
the field-observation experiments. The number of daily flux observations with corresponding
environmental factors used to establish the models were 124, 127, 135 and 102 for the coniferous
forest (plot A), the wetland, the broad-leaved forest and the open field, respectively. Regression
coefficients for these plots and the whole sub-catchment are shown in Table S3. To simplify the
models, ten coefficients were used for each plot based on the principal component analysis (PCA).
The estimated mean flux values were 3.92 + 3.13, 4.20 + 3.55, —0.88 + 1.12, 0.14 + 2.38, 23 + 30
ng m~2 hr™!, which were comparable to the measured fluxes of 3.5+4.2,2.8 £3.9,-0.80+5.1,0.18
+4.3 and 24 =33 ng m 2 hr'! for the plots A to E.

The performance of the models was compared against measured soil flux data (Fig. 4).
Normalized Hg flux (predicted using equation 3) agreed well with the measured flux for different
ecosystems, with most scatter plots of predicted fluxes falling within the 95% confidence interval
(Fig. S8). The cumulative fluxes estimated from the predicted and measured flux was less than 15%
different for all ecosystems. The scatter plots showed strong correlations (r> = 0.28 to 0.70, Fig. S8)
between the measured and predicted fluxes, although the variability of measured fluxes was greater
than estimated values. The model was capable of depicting the observed seasonal patterns of soil
Hg fluxes with < 5% difference between the measured and predicted values.

To date we have had limited opportunity to validate the empirical model predictions. The
performance of the empirical model developed for the pine plot A was tested using the data from
pine plot B that was not used in developing the empirical model. The model-estimated fluxes of soil
TGM for plot B are consistent with measured values using the DFC (Fig. 4). This analysis gives us
some confidence in model performance. The multivariate response analysis has improved our ability
to estimate soil Hg fluxes. However, further model verification is still needed when additional soil

TGM flux data become available, particularly using data from other field study sites.

3.5. TGM in Soil Vertical Profiles

Contour plots of soil pore TGM concentrations measured at multiple soil depths and above
13
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ground for the four plots (A, B, D and E) are shown in Fig. 5. Mean soil pore TGM concentrations
for all depths were significantly higher in the open field (15.8 + 11.9 ng m™ for plot E), than the
Coniferous forest (11.4 +10.1 and 12.0 + 7.83 ng m™ for plots A and B, respectively). These plots
were significantly higher than the broad-leaved forest values (6.73 + 3.81 ng m™ for plot D). Soil
pore TGM concentrations exhibited clear seasonal variations at soil depths at all the sampling plots.
The highest mean TGM concentration was observed in summer, followed by spring and autumn,
with the lowest mean concentration in winter. Within each study plot, pore TGM concentrations
increased with increases in soil temperature (Table S4), which appears to be an important factor
driving the seasonal variation. Soil pore TGM production occurs from the reduction of Hg?* by
biotic and abiotic processes. In a laboratory study of boreal forest soils, Pannu et al. (2014) observed
that soil Hg converted to Hg via biotic processes was more than five times greater than that derived
by abiotic processes, and biotic reduction was more pronounced with temperatures increases. Thus
it can be inferred that temperature is an important factor casing in seasonal variation of soil pore
TGM concentrations, given limited light penetration to soil depths.

Over the entire campaign at the top three soil pore sampling depths in each of the four plots,
soil moisture was consistently negatively correlated with pore TGM concentrations (Table S4).
There is an optimum soil moisture that facilitates pore TGM production, as discussed above. A
laboratory study demonstrated increases in soil Hg® concentrations with increases in soil moisture
from 15% to 60% water filled pore space, with no Hg? formation above 80% (Pannu et al., 2014).
Additionally, given that soil Hg conversion to Hg® is mainly via biotic processes, maximum aerobic
microbial activity was delineated with soil water content equivalent to 60% of a soil’s water holding
capacity (Breuer et al., 2002;Kiese and Butterbach-Bahl, 2002). Similarly, Obrist et al. (2014) found
higher pore TGM concentrations under 25 to 35% soil moisture than for 10 to 20% or 35 to 45%
soil moisture in pine forests of California, U.S. At the TFP, more than 95% of soil moisture values
exceeded 20%, which may exceed the optimum for soil Hg® production, resulting in the inverse
correlations.

Sigler and Lee (2006) demonstrated that pore TGM concentrations was significantly correlated
with soil Hg concentrations in soil profiles at a forested plot. However, this result is not consistent
with our observations. We find that soil pore TGM varies more with varying environmental

conditions that soil Hg. We observed vertical TGM gradients in soil during different seasons. In the
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coniferous forest in spring, the highest pore TGM occurred at a depth of 6 cm. During the other
three seasons, the highest mean pore TGM was at 10-cm depth, with values decreasing to the soil
surface and the lower layers. In the broad-leaved forest in spring and summer, the highest pore TGM
concentrations occurred at top soil layer (3cm), and decreased with soil depth. In autumn and winter,
the pore TGM concentrations were uniform at the five soil depths. In the open field in summer, the
highest pore TGM concentrations occurred at a depth of 6 cm. In autumn and winter, the pore TGM
concentrations decreased with depth to 10 cm and were uniform at the three lower depths. With the
exception of plots A, D and E in winter, TGM concentrations at 3 cm exceeded values in soil surface
air.

Soil Hg concentration and SOM were measured at each sampling depth of each plot (Fig. S9).
In the forest ecosystem, Hg concentrations were significantly correlated with SOM, with the highest
values in the organic layer. Both Hg concentrations and SOM significantly decreased with soil depth,
but did not change below depths of 10 cm in the soil profiles. In the open field (plot E), the highest
Hg concentrations were found between 10 and 20 cm, with lower Hg concentrations at shallower
and deeper depths and Hg concentrations did not vary with SOM likely because of agricultural
cultivation. SOM is known to play a central role in the storage and immobilization of Hg in soils
(Grigal, 2003;Zhou et al., 2017b). The dominant soil Hg form, Hg?* strongly binds to organic matter
through complexation with thiol ligands (Zhou et al., 2015). Although much higher Hg
concentrations were evident at the upper layers, it was likely tightly bound to SOM limiting
conversion from Hg?" to Hg® by biotic and abiotic processes. Additionally, Schliiter (2000)
demonstrated that oxidation of Hg® to Hg?* may proceed at a reduction-oxidation potential lower
than its half-reaction due to strong binding of Hg?* to organic matter. Our field study in the
coniferous forest (Zhou et al., 2017b) and previous sorption studies (Eckley et al., 2011;Fang, 1978)
also showed that Hg® is adsorbed rapidly to surface soils under high air Hg® exposure. In the
coniferous forest, the mean SOM decreased from 137.6 at the surface to 58.0 g kg™! at depth, while
the pore TGM concentrations increased from 9.44 to 14.63 ng m™ in the interval of 3 cm. Thus, Hg?
produced at surface layers or transported from deeper soil layers may be re-oxidized or absorbed by
SOM in the surface soil. Although a similar SOM pattern was evident in the soil profiles of the
broad-leaved forest, the highest pore TGM concentrations occurred in surface soils. The surface

SOM of the broad-leaved forest (67.9 g kg™! at 3 cm) was half of the value at the coniferous forest
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(137.6 g kg™!), while the soil Hg concentration was highest at this surface layer. The higher Hg to
SOM ratio at the broad-leaved forest may have contributed to greater surface pore TGM production,
due to less immobilization of Hg® from the lower concentrations of SOM.

Lower pore TGM concentrations in the broad-leaved forest than the coniferous forest may be
indicative of smaller spatial variability in soil pore TGM profiles, possibly due to local differences
in porosity, SOM and Hg concentrations. In the open field, the vertical profiles of pore TGM may
be influenced by direct solar radiation that increases soil temperature of the upper layers. When
surface soil temperature in autumn and winter decrease, the vertical TGM profile is dominated by
soil Hg concentration. In all plots during all four seasons, comparable TGM concentrations were
observed between 20 and 50 cm, which may be due to comparable physicochemical properties in
lower mineral horizons (e.g. Hg concentrations, SOM, Fig. S9).

Although other studies have shown different TGM patterns than observed in our study (Moore
and Castro, 2012;Obrist et al., 2014;Sigler and Lee, 2006), these measurements seem to support our
observations of TGM production. For example, the soil pore TGM concentrations were highest and
most variable in the O- and upper A-horizons of forest soils, with soil moisture, temperature and
SOM significantly affecting TGM concentrations. Soil pore TGM concentrations at the TFP were
much higher than values reported in previous studies, which showed concentrations ranging from
the detection limit to 8 ng m™3 in upper soils and were generally less than 2 ng m™ from 20 to 50 cm
of the soil profile (Moore and Castro, 2012;Sigler and Lee, 2006). Sigler and Lee (2006) and Obrist
etal. (2014) observed the highest pore TGM concentrations in the upper organic soil and litter layers,
which is inconsistent with our observation of maximum TGM concentrations in the upper mineral
soil (depth 6—10 cm) in the coniferous forest. Previous studies have also shown the highest pore
TGM concentrations observed in the upper mineral soil layers (Obrist et al., 2014). Our observations
and above studies show a near-surface source of TGM from soil evading to the atmosphere.
Observations of pore TGM concentrations decreasing in lower layers supports a TGM sink in
mineral soils. Obrist et al. (2014) defined an Hg immobilization concept for soils, in which pore
TGM concentrations in lower horizons are below values in the upper horizons. In the forest plots at
the TFP, the annual average soil pore TGM concentrations at 10, 20 and 30 cm were all below
concentrations in the upper horizons; suggesting immobilization of TGM in the mineral soil, a

pattern consistent with the study of two pine forests in California, U.S. (Obrist et al., 2014). However,
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for the open field in the current study, TGM formation mostly occurred in mineral soils because of
higher soil Hg concentrations in the mineral horizons as we stated above, which may facilitate the
mineral pore TGM diffusion to surface soil horizon and the emission flux. Another major objective
of the soil pore TGM study was to investigate the relationship between TGM in vertical soil pore
profiles and the ultimate diffusion of TGM from the soil surface. No relationship was found between
soil pore TGM flux and soil pore TGM concentrations at 20 or 50 cm. However, soil TGM fluxes
were strongly correlated with soil pore TGM concentrations or the gradient between soil pore
concentrations at 2, 5 and 10 cm depths and the atmosphere (Table S4 and Fig. S10). TGM
concentrations were highest at these surface depths and values decreased with greater depth,
suggesting that production and subsequent emission of Hg from soil was derived from the upper 10-
cm depths. Similar observations by Sigler and Lee (2006) showed that Hg emissions originated from
shallow (5 cm) depths in forest soils due to highest soil pore TGM produced in surface horizons.

We also investigated the role of vertical profiles of pore TGM in diffusion from the soil column.
In the equation 2, 4C and F was not only from the diffusion of pore TGM produced in the soil profile,
but also could be derived from photochemical reduction of Hg?" on soil surface in daytime. We
estimated the diffusion coefficient between the soil at 3 cm and the atmosphere in daytime (Ds gay),
nighttime (Ds night) and whole day (Ds day+ night). The estimated Ds day, Ds night and Ds day+ night Were
0.015, 0.013 and 0.014 m? hr! for plot A and 0.0098, 0.0096 and 0.0097 m? hr! for plot B in the
coniferous forest, and 0.010, 0.0076 and 0.0079 m? hr! for plot C in the broad-leaved forest,
respectively. However, we found the TGM diffusion coefficient was 23 times higher in the daytime
(Ds day: 0.099 m? hr!) than for nighttime (Ds nigni: 0.0095 m? hr!) for the open field, with Dy day+ night
of 0.0408 m? hr'. Note that, in the open field, the Ds night was comparable to those in forest plots,
but the Dy aay Was significantly higher. These data suggest that the formation of Hg? in the surface
soil exposed to solar radiation directly overestimated TGM Ds in soil. Therefore, to avoid the photo-
reduction of Hg?" in daytime, we posit that Ds nign can represent the local diffusion coefficient (Ds)
(Fig. 6) and be used in future model development.

Physicochemical properties of soils have a significant effect on the pore gas production and
transport, especially porosity and humidity (Prajapati and Jacinthe, 2014;Ryzhakova, 2014). In the
same coniferous stand, the soil TGM diffusion coefficient was much higher at plot A (0.013 m? hr'?)

than plot B (0.0.0096 m? hr?t). This difference may be related to the higher SOM at plot B. The
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higher SOM could immobilize TGM in the upper soil as discussed above, mitigating pore TGM
diffusion to the atmosphere. Compared to other gases, for example, Ryzhakova (2014) showed that
the Ds of radon ranged from 0.00050 to 0.0088 m? hr! for natural soils and the Ds for Sulphur
hexafluoride for the peat cores ranged between 0.00032 to 0.0044 m? hr!,3 which were comparable

with the Ds of Hg in our study.

4. Conclusion and implication

Through multi-plot and longer-term measurements, we were able to reduce the uncertainty of
soil-atmosphere TGM fluxes at the catchment scale and obtain a better understanding of how
landscape attributes contribute to the variability in soil Hg evasion. Empirical models of soil-air
exchange fluxes were developed from multivariate regression analysis using the Hg fluxes measured
by the DFC and environmental factors for different landscape conditions in a forest catchment. The
observed DFC fluxes were significantly correlated to the first-order and second-order terms of
environmental factors, including soil Hg concentration, soil moisture, solar radiation, air TGM
concentration, soil temperature. In particular, we found that atmospheric TGM concentrations at
TFP significantly affect TGM diffusion form soil pore according to the two-resistance exchange
interface model.

The developed model can be used to examine how soil Hg fluxes may be impacted by changes
in environmental conditions such as temperature, soil moisture or concentrations of atmospheric
TGM. For example, if the atmospheric TGM decreased to a uniform 0.1 ng g~', the Hg area-
weighted emission flux is projected to increase up to 5.0% in the forest and 0.5% in the open field,
respectively. The empirical models presented in this study demonstrate a promising approach to
better estimate Hg exchange between the atmosphere and soil, significantly improving the accuracy
of these estimates due to the consideration of important controlling environmental factors.
Additional data from additional sites which represent wider range of substrates and environmental
conditions in different terrestrial ecosystems are needed to verify the empirically modeling
framework we propose.

Another implication of our results is that Hg in upper mineral layers would migrate to lower

mineral horizons through pore TGM diffusion, although this pathway may small compared with
18

Atmospheric



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-161

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 18 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License. Discussions

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

546

547
548
549
550

rainwater infiltration and immobilization (Jiskra et al., 2015). For instance, throughfall Hg
deposition was 67.5 pg m~2 yr ! in the coniferous forest in our study area (Luo et al., 2015) and the
percolation of Hg via soil solution through the surface litter layer into the mineral soil layer has been
estimated at 33 pg m2 yr'! (Schwesig and Matzner, 2001). Thus, transport and immobilization of
soil pore TGM to the lower mineral soil is likely to be much smaller than by the drainage pathway.
In each season, soil Hg flux was strongly correlated with pore TGM concentrations at 3 cm and less
strongly correlated than values at other depths (Table S4), suggesting that reduction and terrestrial
Hg" losses would occur within the upper surface soil horizons, with limited loss from deeper mineral
soils. The large Hg pools in mineral soils (accounting for 94.1% of the total over 0—40 cm) (Zhou
et al., 2016) were not only derived from soil water percolation but also with a contribution from
TGM diffusion from upper soils. Compared to Hg concentrations of mountain yellow earth soil
measured in 1980s in Chongging China (59 ng g™!) (Chen, 1982), the average Hg concentration in

the mineral horizons (85 ng g”!, 6~50 cm) in our study increased about 44%.
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Figure Captions:

Fig.

1. Location of the five sampling plots and the estimation of Hg mass-balance at the TFP
subtropical forest (blue square: flux sampling site; spiral line: Soil pore TGM sampling site).
Litterfall Hg deposition was from Zhou et al. (2018); throughfall Hg deposition was from Luo
et al. (2015); surface runoff (SR) Hg flux was from Zhou et al. (2015); wet Hg deposition was
from Wang et al. (2009); soil Hg pools were from Zhou et al. (2016); UR means underground

runoff.

Fig. 2. Mean and standard deviation of soil-air TGM fluxes at the five plots for the four seasons and

annual values during the study. Plots A, B and C was located in the coniferous forest, plot D
was in the broad-leaved forest, and plot E was in the open field. The data numbers of flux in

spring, summer, autumn and winter are 62, 92, 66 and 43.

Fig. 3. The daily variation trends of Hg fluxes with meteorological parameters in spring (a), summer

Fig.

(b), autumn (c) and winter (d) at the coniferous forest.
4. Comparison between model-predicted and DFC-measured fluxes of Hg for the five plots.

DFC-measured flux is a daily flux averaging daytime and night values.

Fig. 5. Contour plots of soil pore TGM concentrations which in order are plots A, B, D and E. plots

Fig.

were created based on daytime and night pore TGM measurements combining soil surface (3
cm) and 5 soil layers (3 cm, 6cm, 10cm, 20cm and 50cm).

6. Scatter plots and linear regressions between soil-air fluxes and the gradient of TGM
concentration divided the distance between soil pore TGM at 3 cm (Cs) and the atmosphere
above the plot (Ca) based on the two-resistance exchange interface model. The relationships
were based on night flux and soil TGM measurements, and were significant at the respective

plots (p<0.05).
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Fig. 1. Location of the five sampling plots and the estimation of Hg mass-balance at the TFP
subtropical forest (blue square: flux sampling site; spiral line: Soil pore TGM sampling site).
Litterfall Hg deposition was from Zhou et al. (2018); throughfall Hg deposition was from Luo et al.
(2015); surface runoff (SR) Hg flux was from Zhou et al. (2015); wet Hg deposition was from Wang
et al. (2009); soil Hg pools were from Zhou et al. (2016); UR means underground runoff.
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