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Mercury (Hg) emissions from forest fires, especially tropical forests, contribute
significantly to the atmospheric mercury budget. Recent studies have shown that the
combustion process results in Hg isotope fractionation that allows tracking coal
combustion Hg emissions. However, the potential of Hg stable isotopes to trace forest
fire Hg emissions has never been investigated. Here we measured the Hg isotopic
composition of litter, soil, and ash samples collected in prescribed forest fire
experiments carried out in two localities of the Brazilian Amazonian Forest, Alta
Floresta (AF) and Candeias do Jamari (CJ). For AF, where a small-scale experiment
was performed, no difference was found in the mercury isotopic composition of the
samples collected before and after burning. In contrast, the larger-scale experiment
carried out in CJ resulted in significant mass dependent fractionation (MDF 6202Hg) in
soils and ash. As for coal combustion, mass independent fractionation was not
observed. This work highlights the potential of forest fires to cause Hg isotopic
fractionation, depending on the fire severity. The results also allowed to establish an
isotopic fingerprint for tropical forest fire Hg emissions that corresponds to a mixture of
litter and soil Hg isotopic composition.
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Uptake of atmospheric Hg by forests, especially tropical forests, has been recognized to be the
largest global mechanism for removal of atmospheric Hg. Conversely, forest fires increase
direct emissions of mercury to air and remobilization of mercury stored in the terrestrial
environment. Although Hg stable isotopes composition appears as a very performant tool to
improve knowledge on different processes that make up the complex Hg biogeochemical cycle,
its potential to trace forest fires Hg emissions has still not been investigated.

To fill this gap we measured the Hg isotopic composition of litter, soils and ashes samples
collected in prescribed forest fire experiments carried out in two localities of the Brazilian
Amazonian Forest. The work highlights the potential of forest fires to cause Hg isotopic
fractionation depending on the fire severity. It also allowed to establish an isotopic fingerprint
for tropical forest fires Hg emissions that corresponds to a mixture of litter and soils Hg isotopic
composition.

As the Amazon rainforest accounts for more than half of the remaining tropical forests on the
planet, we are convinced that this work makes an important contribution to a better
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Abstract

Mercury (Hg) emissions from forest fires, especially tropical forests, contribute significantly to the
atmospheric mercury budget. Recent studies have shown that the combustion process results in Hg
isotope fractionation that allows tracking coal combustion Hg emissions. However, the potential of Hg
stable isotopes to trace forest fire Hg emissions has never been investigated. Here we measured the Hg
isotopic composition of litter, soil, and ash samples collected in prescribed forest fire experiments
carried out in two localities of the Brazilian Amazonian Forest, Alta Floresta (AF) and Candeias do
Jamari (CJ). For AF, where a small-scale experiment was performed, no difference was found in the
mercury isotopic composition of the samples collected before and after burning. In contrast, the larger-
scale experiment carried out in CJ resulted in significant mass dependent fractionation (MDF §2%?Hg)
in soils and ash. As for coal combustion, mass independent fractionation was not observed. This work
highlights the potential of forest fires to cause Hg isotopic fractionation, depending on the fire severity.
The results also allowed to establish an isotopic fingerprint for tropical forest fire Hg emissions that

corresponds to a mixture of litter and soil Hg isotopic composition.

Keywords: Mercury; Isotopic composition; Soil; Litter; Ashes; Combustion; Atmospheric emissions.
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Introduction

Mercury (Hg) is a highly toxic and ubiquist element in the environment (Outridge et al., 2018).
In the atmosphere, 90% to 99% is present as gaseous elemental mercury (GEM), with the remaining
portion composed of operationally-defined gaseous oxidized mercury (GOM) and particulate-bound
mercury (PBM) (Gustin et al., 2013). Foliage uptake has been shown to be an efficient process to
remove atmospheric GEM (Jiskra et al., 2018), but GOM and PBM can also be sorbed by or on leaves.
Mercury is then transferred to soil by litterfall and throughfall, where it accumulates. Forests have,
therefore, been recognized to play a key and global role in the biogeochemical cycle of this element
(Wang et al., 2016; Obrist et al., 2018; Zhou et al., 2021).

Due to their specificities such as high biomass productivity, leaf area index and leaf lifespan
(Witt et al., 2009), tropical and subtropical forests are especially efficient in removing atmospheric Hg
(Wang et al., 2016) and further storing it in soil (Wang et al., 2019). On the other hand, these forests
have also been submitted to intense rates of deforestation often associated with forest burning
(Carmenta et al., 2011). A number of studies have provided evidence that part of the Hg stored in
vegetation and soil is reemitted to the atmosphere during a forest fire (Friedli et al., 2009; Chen et al.,
2013; De Simone et al., 2015; Shi et al., 2019; Gworek et al., 2020), and it has been estimated that
43.3% of the total Hg budget emitted by forest burning can be attributed to tropical forests (Kumar et
al., 2018).

The Amazon rainforest accounts for over half of the planet’s remaining tropical forest, and it
was estimated that it contributes to approximately 20% to 30% of the total Hg land sink (Fostier et al.,
2015; Feinberg et al., 2022). But, this biome also figures as an important Hg emitter due to enormous
annual deforestation (INPE, 2022). However, the Amazon remains a region with few studies focused
on this topic and with great uncertainties related to the emissions, thus increasing the difficulty in
establishing accurate mass balance and mathematical models to understand Hg fate during the burning

process in this region.
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In recent years, studying Hg stable isotope composition appears as a very performant tool to
improve knowledge on different processes that make up the complex Hg biogeochemical cycle (Blum
et al., 2014; Bishop et al., 2020; Kwon et al., 2020). The basis of the technique is that Hg isotopes
undergo both mass dependent fractionation (MDF, reported as 8°°°Hg (%0)) and mass independent
fractionation (odd-MIF, reported as A*°Hg (%o0) and even-MIF, reported as A?®°Hg (%o)) processes,
which enables investigation of possible Hg sources, its transformations and even fate in the
environment.

Many studies have been performed aiming to investigate mercury isotopic composition in
different types of forests (Demers et al., 2013; Zhang et al., 2013; Jiskra et al., 2015; Enrico et al.,
2016; Zheng et al., 2016; Wang et al., 2017; Liu et al., 2019), but only a few have focused on the
Amazon rainforest region (Fig, 1) (Araujo et al., 2018; Guedron et al., 2018; Miserendino et al., 2018;
Schudel et al., 2018). Furthermore, the potential of Hg stable isotopes to trace forest fire Hg emissions
has never been investigated.

In coal combustion processes, Sun et al. (2014) were the first to observe that GEM emitted from
coal-fire plants were enriched in heavier Hg isotopes, suggesting that isotopic fractionation may occur
during coal burning and fly ash removal processes. However, Li et al. (2021) observed that total
mercury emissions in flue gas from residential feed coal had similar isotopic composition than coal
itself, indicating that scale, temperature or other factors may influence isotopic fractionation during
burning, although many uncertainties still remain about this issue. As forest burning involves a
nonguantitative combustion process, it is expected to cause mercury isotopic fractionation.

The aim of this work was therefore to assess forest burning potential to cause mercury isotopic
fractionation (MDF and MIF) in different soil compartments (litter, soils and remaining ashes). The
study was performed in the Amazon rainforest in small- and larger-scale prescribed burning

experiments to assess some factors that can influence such isotopic fractionation.
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2. Materials and methods
2.1 Fire experiments and sampling

Fire experiments were carried out in two places (Fig. 1): Alta Floresta (AF) (9°56°40S,
56°19'48"W) and Candeias do Jamari (CJ) (8°45'1"S, 63°27'20"W). Both localities are in the so-
called arc of deforestation, a vast region with high rates of fire-based deforestation resulting from
efforts to transform forests in crop land (Carvalho et al., 2001). The vegetation type from the
experimental areas is old-growth terra firme forest (Chave et al., 2010) and the soils are leached
ferralitic soils, oxisols (Lacerda et al., 2004; Almeida et al., 2005). The climate of the region is humid
tropical, type Aw in the Koppen classification (Ferraz et al., 2005). The annual rainfall rate is around
2200 mm year, with the rainy season lasting from November to April (Brown et al., 1995;

Aparecido et al., 2020).

At AF, six burning sub-area 2 x 2 m? plots of land were delimited inside the forest and a variable
amount of fuel (litter and branches) was placed within each experimental sub-area. Fuel material was
weighed before burning, and the remaining ash was weighed after burning to calculate biomass
consumption completeness (BCC (% m m™) according to equation S1 (Text S1) in Supplementary
Information (SI); detailed data on fuel loading and ash mass are also available in SI, Table S1. In these
experiments litter, soils and ashes were collected in each sub-area. Soil sampling was carried out to

depths of 0-1 cm and 1-2 cm before and after burning.
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Figure 1 - Map of the Brazilian legal Amazon territory, location of the study areas (Candeias do Jamari
and Alta Floresta) and other works reported in the literature including Hg isotopes data for the
Amazonian region (Araujo et al., 2018; Guedron et al., 2018; Miserendino et al., 2018; Schudel et al.,
2018)

At CJ, a prescribed fire experiment was conducted in a 150 x 150 m? plot (Fire experiment
authorization 204/2014 Secretaria de Estado do Desenvolvimento Ambiental do Ronddnia). Details on
this experiment are given in the SI (Text S2). Briefly: the forest was cleared at the beginning of the dry
season (June-August) and burned in August. BCC was estimated according to equation S1 (SI, Text
S1) through the results obtained for nine different 2 x 2 m? sub-area plots in which litter, soil (0-1, 1-
2, 2-5 cm) and ash were sampled. It is important to notice, that at both sites, after burning the 0-1-cm
layer visually corresponded to the burned O-horizon, and ash mainly to the burned biomass. Details on

fuel loading, ash mass and BCC on each sub-area are presented in Sl, Table S2.

In both experiments, soil and ash sampling were performed according to the method described
by Melendez-Perez et al. (2014). The samples were dried at room temperature on laminar flow wood,

milled in mortar with liquid N2 and stocked at room temperature in HDPE flasks.

2.2 Total Hg determination
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Total mercury (Hgrot) determination was carried out by thermo-desorption atomic absorption
spectrometry (DMA-80 Tri Cell, Milestone, Italy) according to Melendez-Perez and Fostier (2013).
Accuracy was assessed in terms of recovery (%) by analyzing Standard Reference Materials and was
113 +8% for NIST 2689 (Trace elements in coal), 113 +5% for NIST 1632d (coal fly ash), 93 +2%
for IAEA 336 (lichen) and 99 +5% for IAEA 433 (marine sediment). Precision expressed as the
relative standard deviation of three analytical repetitions was <10%. Detection limit (DL) and
quantification limit (QL) were 1.7 +0.1 and 5.6 + 0.5 ng g%, respectively, for litter analyses, 1.3+0.1

ng gt and 4.5+ 0.4 ng g* for ash, and 0.75+0.06 and 2.5+ 0.2 ng g™* for soil.

2.3 Isotopic composition analysis

For isotopic composition analysis, two sample preparation methods were used. In the first one,
approximately 1000 mg of ash, litter or soil sample were digested with 5 mL HNOzand 0.5 mL H20-
in a high-pressure Asher (HPA-S, Anton Paar) according to Barre et al. (2018, 2020). For the second
one, between 500-800 mg of sample were decomposed in 50 mL PP vial with 5 mL of HNO/HCI/H20;
(3:1:1, viviv) at 85 °C for 48 h, (Guedron et al., 2018). For soils, the first method was only used for
more complex samples and those with lower Hg concentration.

Mercury isotope analyses were performed with a cold vapor generation system (CVG) with
SnClz reduction coupled to a multicollector (MC) — mass spectrometer with inductively coupled plasma
(ICP-MS) (Nu Plasma, Nu Instrument) as described by Barre et al. (2020). MDF and MIF are expressed
according to the equations recommended by Bergquist and Blum (2007) as follows in Eqg. 1 and 2,

respectively.

6***Hg (%o) = l xxx19 / xxx19 — 1] * 1000 1
9 ( 108Hg )Sample ( 19819 )CRM NIST 3133 ( )

A**Hg = §"**Hg — (Bxxx -6°°*Hg) 2
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Where xxx corresponds to the studied isotope in the sample and in the CRM NIST 3133
solution, monitored following a standard bracketing method as a Hg isotopic composition reference in
the same concentration as the sample (1.0, 0.5 and 0.25 pug L™?); and Pxxx is the kinetic mass-
dependence scale factor, characteristic of each isotope mass (for 1*Hg is 0.2520, 2°°Hg 0.5024, **'Hg
0.7520 and for 2%*Hg 1.493). The instrumental mass-bias was corrected by using the internal standard
of TI (NIST 997, 205T1/203T| = 2.38714). NIST 8610 (former UM-Almadén) standard solution was
monitored during each analytical session as a quality control of the isotopic composition analyses.
Multiple measurements of the certified reference materials (CRM) BCR-482 (lichen), IAEA 336
(lichen) and IAEA 405 (marine sediment) were also performed. The consistency between the average
isotopic composition of each material obtained in the present study and those previously published in
the literature (Table S3) attests to the good accuracy of the method. The precision method, expressed
as 2 standard deviations of the N measurements, is also given in Table S3.

For litter, ash, and soil samples, recovery (R%) was estimated as the total Hg concentration
measured by CVG/MC-ICP-MS*100/total Hg concentration measured by TD-AAS. The precision
measurement (expressed as 2SD for CVG/MC-ICP-MS analyses) was calculated from three analytical
replicates. When considering all the analyzed samples, average recovery was 96 + 11%, 99 + 7% and
90 + 8% for litter, ash, and soils respectively, and for §2°?Hg, §*°®Hg, A?®°Hg and A?°'Hg, 2SD was

<0.15%o.

Uncertainties of the isotopic composition measurements were defined as follows: when the
measurement precision of CRM NIST 8610 for a particular isotope was greater than the obtained value
for a particular type of sample, the values of 2SD of NIST 8610 were considered, as observed for litter
and soil samples; when a particular type of sample presented greater values of 2SD than NIST 8610,

the samples 2SD were considered, as observed for ash samples.
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2.4 Complementary analyses

The organic matter content was obtained by gravimetric method after calcination for 2 h at 360
°C (North Central Regional Research, 2012). Elemental composition (C, H, N) was determined with

an elemental analyzer (PerkinElmer, 2400 System, Waltham, MA, US).
2.5 Statistical data treatment

Different data treatments were performed using Origin 8.1®, Microsoft Excel® and Xlstat®
software. All the results were assessed for normal distribution using the Shapiro-Wilk test (a=5%).
When the results were not normally distributed, nonparametric statistical tools (Kruskal Wallis test

combined with Conover-Iman with Bonferroni correction) were used to compare the data to each other.

3. Results

3.2 Total Hg concentration in litter, ash, and soil

Concentration of Hgrot in all analyzed samples are given in Table 1 (detailed data in Table S4
and S5). For litter, Hgrot at AF (54+9 ng g*) was significantly higher (p =0.002) than at CJ (33+8
ng g1). In wood, Hgrot were 8.8+1.1 ng g and < LQ (1.3 ng g*) for the samples from AF and CJ,
respectively. In ash, Hgrot was in the same range (12 to 31 ng g) in AF and CJ samples. In both sites
the concentrations in ash were lower than in litter (p=0.01 for AF and p=0.03 for CJ). In AF soil,
Hgrot significantly decreased after burning for both depths (0-1 cm: p=0.02 and 1-2 cm: p=0.03),

while at CJ significant decreases were only observed for the surface layer ( 0-1 cm: p=0.02).

10



194  Table 1. Total mercury concentration (ng g2) in litterfall, ash and soil samples collected before (BB)
195  and after (AB) burning at Alta Floresta (AF) and Candeia do Jamari (CJ) experimental sites.
Litter Ash Soil
0-1cm 1-2cm 2-5cm
BB AF BB AF BB AF
N®@ 5 5 6 6 6 6 - -
Range 40-65 13-31 68-93 57-77 67-82 60-79 - -
AF
Mean + 54+9 2316 799 667 7516 6918 - -
sp®
Median 55 23 81 67 76 68 - -
N@ 9 9 9 9 9 9 9 9
Range 25-50 12-31 135- 113 - 136 - 126 - 138 - 131 -
172 167 172 169 167 168
CJ
Mean + 33+8 23+8 148+ 134 + 148 + 146 + 150 + 151 +
sp® 13 21 12 16 12 13
Median 33 24 144 125 146 141 149 151
196 (@) N: number of samples; (b) SD: standard deviation
197
198 3.2 Hg isotopic composition in soil, litter and ash
199 Averages of the isotopic composition and main results per type of sample and locality are
200 given in Table 2. Complete data of Hg isotopic composition from samples are given in
201  Supplementary Information (Table S6 and S7), while probabilities for each comparison between
202  different datasets are given in Table S8.
203

11



204  Table 2. Main results of the Hg isotopic composition per type of sample and locality

8202Hg SZOOHg AZOOHg A199Hg
Locality — Type of sample N®
(%0) (%0) (%0) (%o)
Mean -1.66 -0.93 -0.09 -0.54
Litter 4
SD 0.26 0.11 0.05 0.07
Mean -1.64 -0.87 -0.04 -0.56
Ash 3
Alta SD 0.32 0.19 0.06 0.02
Floresta Soils before Mean -1.56 -0.82 -0.03 -0.52
8
burning SD 0.17 0.09 0.02 0.07
Soils after 7 Mean -150 -081  -006  -053
burning SD 0.06 0.05 0.05 0.04
Mean -1.62 -0.89 -0.07 -0.36
Litter 10
SD 0.17 0.11 0.04 0.06
Mean -1.78 -0.93 -0.03 -0.58
Candeias Ash 9
SD 0.10 0.05 0.02 0.06
do Jamari
Soils before Mean -2.05 -1.07 -0.04 -0.59
12
burning SD 0.10 0.07 0.04 0.03
Soils after 13 Mean  -208  -1.07  -003  -0.63
burning SD 0.12 0.08 0.05 0.03
205 (@): N, number of analyzed samples

12
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Mass dependent fractionation

Regarding §°%?Hg in AF (Fig. 2a, Table 2), no significant difference (p>0.05, Table S8) was

observed between litter, soil and ash, before and after burning. In contrast, in CJ (Fig. 2b) significant

differences (p<0.05) were observed between 1) litter and soil before burning, 2) litter and soil after

burning, 3) ash and soil before burning, and 4) ash and soil after burning. Comparing the results from

AF and CJ, no significant difference was observed between §2°?Hg of litter and ash from both sites

(p=0.94 for litter and p=0.47 for ash). For soils, however, significant differences were obtained

between AF and CJ (p<0.05 before/after burning).
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Figure 2. Graph of §°°°Hg versus §2°2Hg for litter, ash and soil samples from a) Alta Floresta (AF)
and b) Candeias do Jamari (CJ). Soil samples are divided into different depths (0-1, 1-2 or 2-5 cm)
and before or after (aft.) fires. * For the CRM NIST 8610, IC is represented in another range of the

graph, and results are inserted at the top of the graph just to represent the magnitude of the

uncertainty of the validated methods.
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Odd and even mass independent fractionation

Variations of Hg §°°°Hg and §'®*Hg as a function of §2°2Hg, respectively presented on Fig. 2
and Fig. S1, allow to assess if both odd and even Hg isotopes follow a strictly MDF process or exhibit
significant deviation inherent to Hg isotopes MIF. The §°°Hg/5%%?Hg ratio of all AF (Fig. 2a) and CJ
(Fig. 2b) samples clearly follows a linear distribution with the same slope as expected for Hg isotopes
MDF (Blum et al., 2014), suggesting no even Hg isotopes MIF. This observation is clearly validated
in Fig. S2 (A?Hg compared to §?°2Hg) and Fig. S3 (A?°Hg compared to A?%*Hg), that explicitely
illustrate that A2°°Hg and A?**Hg extent and variations are not significant between the localities and
samples (i.e. considering analytical precision). The variation of §!%Hg as a function of §?°?Hg (Fig.
S1) roughly follow the classical MDF line. However, for CJ (Fig. S1b), litter presented significant
deviations from the MDF line, suggesting that MIF-odd is statistically significant. Odd MIF extents
for Hg isotopes are indeed different from zero and exhibit negative average values as shown in Table
2. Variation of odd-MIF for Hg isotopes is highlighted by Fig. S2 showing A®°Hg compared with
A®'Hg plot, in which a clear difference appears between CJ litter and other samples from both localities
(p<0.05, Table S8).

Figure 3 represents odd-MIF compared with MDF of Hg isotopes (A®Hg x §2°2Hg). It shows
that for AF (Fig. 3a) the obtained isotopic composition of the different types of samples mainly overlap
and no discrimination of specific sample types can be verified. However, for CJ (Fig. 3b), litter samples
are separated from the others due to their enrichment in AHg when compared with other samples
(ash and soil) from the same location (e(A**Hg ) ~0.15%o, p<0.05). Ashes compared to soils are in the

same odd-MIF range (A%Hg), while they present an enrichment (g) in 52°Hg of about +0.2%o.
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Figure 3. Graphic of A®Hg compared with §2°?Hg for litter, ash and soil samples from a) Alta
Floresta (AF) b) Candeias do Jamari (CJ). Soil samples are divided into different depths (0-1, 1-2 or
2-5 cm) and before or after (aft.) fires.* For the CRM NIST 8610, IC is represented in another range
of the graph, and results are inserted at the top of the graph just to represent the magnitude of the
uncertainty of the validated methods.
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4. Discussion

4.1 Mercury distribution and its isotopic composition as a function of sample type and burning

experiment

Litter: Total Hg concentration in litter from AF and CJ significantly differed (Table 1), which could
be related to the different operational approach used in each experiment. The clearing of the forest at
the beginning of the dry season in CJ left the litter exposed to solar radiation (i.e. UV-visible light and
heat) and rain washout for several months. These conditions could have respectively promoted direct
atmospheric evasion and leaching of Hg from exposed litter, and therefore, reduced the total Hg content
in litter at this site. In contrast, the AF experiment was carried out under forest cover, below the canopy,
preventing litter from being frequently exposed to intense solar radiation or rain washout, and
consequently reduced potential Hg loss from the litter. This hypothesis is confirmed by the Hgrot
(57 £3 ng g}) of an additional litter sample collected inside the forest at CJ, which is much closer to
the concentration obtained in AF and to the average concentration reported for litter in the Amazon

forest (Fostier et al., 2015).

Despite these conclusions, the differences between the isotopic composition in litter from AF
and CJ cannot only be explained by potential photochemical induced reduction and volatilization of
Hg. Although such a process could generate significant MDF and odd-MIF of the Hg isotopes, the litter
sample collected under the forest canopy of CJ exhibits very similar isotopic composition to the litter
samples from the burning experiment area (Table 2). This suggests that the differences in litter Hg
concentration and isotopic composition between CJ and AF are mainly caused by non-photochemical
solar heating and/or rain washout processes for which only MDF and negligible MIF of the Hg isotopes

are expected (Blum et al., 2014). However we do not have data regarding isotopic fractions for such
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specific pathways, and differences measured for both concentration and isotopic composition could
also be attributed to specific regional and ecological differences between both locations such as
atmospheric total gaseous Hg, predominant plant species, tree and leaf age, among other factors (Yuan

etal., 2019).

The greater differences between the isotopic composition for litter from different localities
appear for MDF (Fig. 4). In temperate forest system, Demers et al. (2013) obtained a MDF extent for
litter of 52°2Hg = -1.32 = 0.14%., which is markedly higher than the present study. Meanwhile, more
negative MDF values were reported in another tropical rainforest (Guedron et al. (2018): §°%Hg =-
2.01+£0.18%0) and a boreal forest (Jiskra et al. (2015): §°%?Hg =-2.35+0.09%0). These large
differences can be related to many factors such as atmospheric Hgrot, tree species and tree and leaf age
that result in different uptake of atmospheric Hg (Zhou et al., 2021). The large §°°?Hg extent (~1.0%o)
suggests that the type of forest doesnot have a clear influence on Hg MDF isotopic composition in
litter.

For odd-MIF in litter from tropical forest, Guedron et al. (2018) obtained AM°Hg=-
0.20 £ 0.15%o, values that are less negative than those obtained in the present study. This can be
explained because those samples were collected close to a former gold mining site. Indeed, metallic
Hg commonly used in small-scale gold mining has an odd-MIF close to zero. In Demers et al. (2013),
odd MIF average was higher (A*®°Hg=-0.18 + 0.03%o, but most likely reflects the isotopic composition
of atmospheric Hg in a region largely influenced by industrial anthropogenic inputs. In Jiskra et al.
(2015), odd-MIF average (A**°Hg=-0.44 + 0.03%o) is similar to our study.

Nonetheless, results of §?°?Hg, A'®°Hg and A?°Hg in litter indicate that the origin of Hg in these
samples is mostly atmospheric, as demonstrated in previous investigations, and exhibits negative MDF,

slightly negative odd-MIF and close to zero even-MIF (Demers et al., 2013; Jiskra et al., 2015; Araujo
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et al., 2018; Guedron et al., 2018; Miserendino et al., 2018; Yuan et al., 2019; Barre et al., 2020; Wang
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Figure 4. Graphic of A1 Hg as a function of average §2°?Hg for litter, ash and soil samples analyzed
in this work compared to other forest samples reported in the literature. Sources: Araujo et al. (2018),
Demers et al. (2013), Guedron et al. (2018), Jiskra et al. (2018) and Miserendino et al. (2018).

Soil: The average concentrations of Hgret in soils of both study sites before burning (Table 1) are in

the same range as those previously reported in the literature (e.g. Lacerda et al. (2004) and Michelazzo

et al. (2010) for AF, and Almeida et al. (2005) for CJ). At both sites, Hgrot before burning was

homogeneously distributed in the different soil layers.

At AF, both the organic layer (0-1 cm) as the mineral layer (1-2 cm) had significant mercury

losses after burning, with 16 +12% of the mercury budget lost in the first layer and 6 £5% in the

second layer. Conversely, at CJ only the organic layer (0-1 cm) had significant losses (13 + 8%) (Table
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S5), indicating that even though at CJ the burning experiment was much more severe than in AF (as
discussed in section 4.3), mercury emissions from soils may be affected by several parameters.
Regarding the isotopic composition, large differences for MDF (5°°?Hg) were observed
between AF and CJ. Hg isotopic composition in soils may vary widely depending on the geogenic Hg
contribution, origin of the atmospheric Hg deposition, type of soil and even how the nutrient cycling
occurs at each location (Blum et al., 2014; Zheng et al., 2016), as illustrated in Fig. 4 reporting data
from different forested ecosystems. For North American temperate forests not directly impacted by
anthropogenic sources, the MDF and MIF-odd values reported by Demers et al. (2013), (6°%°Hg =-
0.87 £0.12%0; AHg=-0.19+0.02%0) are very different from those obtained in this study.
Conversely, the values reported by Araujo et al. (2018) (8°%Hg =-2.60+0.34%0; A°Hg=-
0.38 + 0.22%o) and Miserendino et al. (2018) (§?%2Hg =-2.12 to -2.23 + 0.14%o; A***Hg=-0.55%0) who
also assessed nonimpacted forests in the Amazon, are closer to those obtained in our study. Among the
forests, systematic negative values of MDF and MIF falling in a close range confirm the importance
of all forests for the scavenging of atmospheric gaseous Hg and the litterfall transfer of this Hg from

the litter to the soil.

The Hg isotopic composition does not exhibit significant differences in the soils sampled before
and after burning, except for A1®°Hg from CJ (Table S8). These results may indicate that although fire
leads to quantifiable Hg emissions from soil, this does not necessarily result in a significant isotopic

fractionation of the residual fraction remaining in the soil.

Ash: The presence of Hg in ash after the burning experiments may be attributed to the incomplete
emission of Hg initially present in the litter, and to the uptake of Hg emitted from the surface soil
during burning. Despite some differences observed in the Hgrot and Hg isotopic composition of the
litter and soil samples, ash from AF and CJ presented similar Hgrot (Table 1) and similar isotopic

composition (p>0.05 for Hgtot and Hg isotopes, Table S8). This can be related to the similarities in the
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chemical composition of the ash from both locations. Ash chemical composition did not differ
significantly (p>0.05) between both sites for organic matter (Table S4), Hgrot and major element
composition (C, H, N) (Table S9). This suggests that Hg content and Hg isotopic composition in ashes
can be significantly constrained by the ash chemical characteristics, that can vary under different
burning experimental conditions. Therefore, the influence of the final ash composition, and the Hg
fractionation confirm that Hg uptake by ashes is closely related to re-adsorption or condensation
mechanisms of Hg onto ash particles during and after the burning experiment. This hypothesis can
explain the final Hg isotopic composition of the ash, but not the exact main source of this Hg in the

cleared forest system.

According to Sun (2019) who reviewed Hg isotopic fractionation associated with the coal
combustion process, if MDF processes are expected during coal combustion, MIF are not. Reviewed
literature data mainly reports enrichments in heavier isotopes in ash material, following MDF law,
when compared to coal Hg isotopic composition. Using the same assumption for forest fires, the
differences measured in MIF extent between litter and ash at CJ (Fig. 3b) suggests that the litter
contribution to the Hg recovered in ash was low or insignificant. Indeed, for CJ, A**Hg determined in
ash was significantly lower than in litter (A'°Hg litter=-0.37 + 0.05%o; A'®Hg ash =-0.58 + 0.07%o).
Conversely, A'Hg in ash was like that in soils before burning (A'®°Hg ash =-0.59 +0.03%o),
suggesting that Hg in ash mainly originated from soils. In addition, §?°?Hg in ash at CJ was
significantly higher than in soils before burning (Fig. 2b). This suggests that an MDF process occurs
during soil heating and burning. This can be explained by the emission of lighter Hg isotopes to the
atmosphere and a simultaneous ash enrichment of heavier Hg with higher §2°2Hg. This corroborates
the fact that forest fire can follow similar basic processes than coal combustion in a power plant as

reported by Sun (2019).
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The fractionation of Hg and the associated isotopic composition can likely be explained by the
equilibrium between the two main Hg species emitted during a combustion process, such as GEM and
particular bound Mmercury (PBM). When Hg is emitted during biomass combustion, both species are
occurring, but their proportion can vary according to moisture and fuel nature, among other factors
(Obrist et al., 2018). Furthermore, PBM is more easily deposited after burning than GEM and can
easily be adsorbed on ash (De Simone et al., 2017; Sun, 2019). For coal combustion, Sun et al. (2014)
reported significant isotopic fractionation following MDF pathways. They determined higher §2%°Hg
in the PBM associated with ash material, which was then enriched in heavier isotopes compared to
GEM Hg isotopic composition. This resulting ion is very similar to our observation for ash isotopic
composition at the CJ location. However, such an increase of §2°?Hg in ash was not observed during
the AF experiment, which indicates that other parameters are involved in the Hg fractionation processes

from soils and that significant MDF of Hg stable isotopes will not necessarily occur in all fires.

4.3 Factors influencing Hg isotopic composition during forest fire

Although the present dataset provided some information on Hg isotopic fractionation during
forest fires, it also highlights how fractionation processes can vary according to the type of forest fire,
especially for soil emissions.

One of the factors that differentiates forest fires is the severity, which is related to the intensity
of burning and depends on factors that govern the fire behavior (e.g. propagation rate, duration and
height of the flames), climatic conditions (temperature, relative humidity, wind and rain), topography,
and quantity, size and moisture of live and dead vegetal fuel and its chemical and structural composition
(Keeley et al., 2009; Mataix-Solera et al., 2011; Abraham et al., 2018). Although measuring burning
severity is still a challenge due to the many variables involved, some parameters are frequently used to

this end (Engle et al., 2006; Keeley et al., 2009).

21



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

In the experiments of AF and CJ, the consumption of biomass and the variations of organic
matter content in soil were used to assess the burning severity. Biomass consumption completeness at
AF averaged 80 + 10%, while at CJ it was 90 = 11 (Table S1 and S2). For the soil organic matter content
[OM, % w w], different behaviors were observed between both locations (Table S10). In AF, [OM]
did not change significantly after burning ([OM]o-1 cm before = 18 + 6%; [OM]o-1cm after =16 = 5%; p =
0.55), while in CJ this variation was substantial ([OM]o-1 cm before =21 +5%; [0M]o-1 cm after
=14+ 4%; p=0.005). This indicates that burning at CJ resulted in an important consumption of soil
organic matter, likely due to longer combustion and higher temperatures (Merino et al., 2018). Thus,
we hypothesize that the burning conditions at CJ allowed higher temperatures to be reached during the
experimental fire, enabling the consumption of the soil organic matter and the emission and isotopic
fractionation of Hg between soils and ashes.

Likewise, different parameters influencing the severity of burning in previous studies were
found to modify the isotopic composition of other elements, such as carbon, oxygen and nitrogen (Kato
et al., 1999; Schumacher et al., 2011). Kato et al. (1999) observed that during biomass burning
processes the volatile carbon species formed during the initial flaming phase were enriched in
isotopically heavier carbon species (*3C enrichment) compared to the initial fuel material, which
exhibited lighter carbon isotopic composition (*3C depletion) throughout the burning process and
during the smoldering phase (i.e. flameless burning phase with significant gas emissions). Therefore,
different burning settings that can result in a longer or smaller smoldering phase may influence
differently the isotopic composition of the burning products, favoring either the production of
isotopically lighter or heavier species. Based on the same assumptions for Hg emissions from soils
during biomass burning, more pronounced isotopic fractionations (i.e. MDF) may be expected in longer
burning episodes with more pronounced smoldering phases. These conditions in which greater amount

of energy is given throughout a longer burning period were likely achieved during CJ experiment.
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Schumacher et al. (2011) evaluated the oxygen isotopic composition (**0 vs 80) in the CO;
formed after the combustion of different types of fuels and under different conditions. They reported
that the composition of the fuel load and the comburent gases strongly influence the isotopic
composition of the emitted CO>. However, several processes may affect whether the resulting gas will
have an isotopic composition either more relatable to the comburent gas (i.e. lighter isotopic
composition or 0 enrichment), or to the fuel load (plant tissues, with heavier isotopic composition
for carbon and oxygen). For wet fuel samples, the fractionation was smaller, resulting in lighter isotopic
composition (depletion of *C and 80 isotopes) of the CO, compared with dry fuels. These authors
also observed that for higher temperatures reached during burning, the gases produced had heavier
carbon and oxygen isotopic composition compared to smaller temperatures, indicating that when
higher temperatures are reached the influence of the fuel isotopic composition may increase in the final
product.

Expanding these previous conclusions for lighter elements to Hg emissions during biomass
burning, several parameters may affect Hg fractionation and isotopic composition during forest burning
episodes. Even though the temperature was not measured during the burning experiments, we suggest
that the combustion temperature and fuel moisture may act as important factors for Hg emission and
fractionation in the soil/litter/ash system. These hypotheses are based on the fact that no significant
losses of soil OM were observed for AF experiment with dominant wet fuels, while much drier fuels
were burnt during the CJ experiment. During burning, OM consumption can only be observed above
300 °C (Gonzalez-Pérez et al., 2004) and fuel moisture directly impacts the combustion completeness
and therefore, the fire temperature itself (Certini, 2005). This infers that these two factors are both
significantly influencing differences in the fate and fractionation of Hg observed between AF and CJ
experiments.

Considering the isotopic composition of the fuel material (i.e. litter and surface soils) and of

the resulting ash and soil after burning, we suggest that Hg from the litter was almost totally emitted
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to the atmosphere while Hg from surface soil was partially and variably emitted as a function of several
parameters, such as fire temperature and moisture content of fuel. We highlight here that the burning
conditions play a fundamental role in the isotopic fractionation of the Hg species emitted, suggesting

that further controlled experiments are required to better understand this complex dynamic.

4.4 Mercury isotopic fingerprint of forest fire emissions

Rayleigh’s equation is commonly used to access the isotopic composition during a particular
chemical reaction. It describes the partition between two isotopes as the initial reservoir decrease along
with reaction advancement and time. This equation can only be used if the following principles are
applied: 1) the material is continually removed from a mixed system that contains all the evolved
species; 2) The isotopic fractionation can be described in any instant by a fractionation factor (o) and
3) a.does not change throughout the process (Kendall and Doctor, 2003; Hintelmann and Zheng, 2011).

As pointed out in the previous discussion, several variables act simultaneously during forest
burning, making it almost impossible to determine a fractionation factor for such complex processes
and environments. A conservative approach may be applied to provide an initial estimate of the forest
burning Hg isotopic signature emitted to the atmosphere. Considering the evolved environmental
compartments as part of a conservative mass relation, the isotopic composition of reagents and products

of the burning can be described by the mass balance given in Equation 3.

(EFSOLI * CISoth—lcm) + (EFblomass * CIblomass) = (Hgash * Clash) + EFAtm * CIAtm) (3)

Where:
EFs,, = Average mass of Hg emitted by soils (in pg of Hg per m?);
EFg,0mass = Average mass of Hg emitted by biomass (in pg of Hg per m?);

Hgasn = Average mass of Hg remaining in ash (in ug of Hg per m?);

24



454

455

456

457

458

459

460

461

462

463

464

465
466

467

468

EF,+m = Average mass of total Hg emitted to the atmosphere due to forest burning (sum of all emitted

species (GEM, PBM, etc.), in g of Hg per m?);

ICy = estimated average isotopic composition §2°2Hg, A***Hg , A?°Hg for each studied matrix (where

X 1s the soil, biomass, ash or atmosphere) (in %o).

The detail of the calculations performed to obtain these different masses is presented in the Sl
(Text S3). By considering Equation 3 as an acceptable first approximation and using the different
values obtained for Hg average isotopic composition of each compartment (Table 2) together with the
average EF or remaining mass (Table S11) in each compartment, we estimate the average isotopic

composition of the atmospheric Hg emissions presented in Table 3.

Table 3. Average Hg isotopic composition obtained for soils, litter and ash and calculated for the
atmospheric emissions due to the Candeias do Jamari experimental burn

Compartment (mean + 1SD)

0-1-cm soil layer

Isotopes before burning Litter (N=9) Ash (N=9) Atmosphere
(N=5)

3292Hg (%o) -2.02+0.14 -1.63+0.16 -1.78 +0.10 -1.79+0.24

AZHg (%o) -0.02 +0.01 -007+0.04  -0.03+0.02 -0.05 +0.04

AHg (%) -0.58 + 0.02 -0.37+0.05  -0.58+0.06 -0.45 +0.12
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Up to now, studies on Hg isotopic composition due to combustion processes were only
performed for coal (Sun et al., 2014; Tang et al., 2017; Sun, 2019). For global coal, Sun et al. (2014)
reported 5%%?Hg =-1.2 +0.5%o (1SD). For coals from different locations these authors concluded that
due to the variability of §?°°?Hg between different coals, their emissions could result in different §2°2Hg,
reflecting the high variability observed in various locations (1SD=0.5%.). Considering that the isotopic
composition of plants and soils varies depending on the location, type of plant, climatic conditions,
among other factors (Demers et al., 2013; Fu et al., 2019), significant uncertainties can also be expected
for the isotopic composition of Hg emissions from forest fires. The relatively high uncertainty obtained
for the estimated isotopic composition of the Hg emitted to the atmosphere in this study (Table 3) is
therefore consistent and overlaps with the expected variability for Hg emissions for different types of
forest fire. The present estimate can therefore be considered as an initial fingerprint of atmospheric Hg

isotopic composition resulting from forest fire.

Conclusion

The results obtained indicate that a burnt forest is a complex environment, with Hg emissions
being affected by several parameters. Mercury bound to litter is mostly emitted to the atmosphere,
while soil Hg may be partially emitted, varying accordingly to the burning conditions. In this way, Hg
isotopic fractionation was determined during forest fires but may occur at very different extent. Several
factors may act altogether, influencing the Hg isotopic composition in the fuels and the burning process
itself. Based on our findings, we conclude that Hg isotopic fractionation may occur during forest
burning, mainly following MDF, while no significant MIF variations can be observed. To better
understand Hg emissions and isotopic fractionation processes due to forest burning more studies should
be performed in different areas and types of forests, but also the influence of fuel and burning

conditions should be investigated in controlled conditions.
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