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Abstract

A high-resolution soil sampling has been applied to two forest podzol (ACB-I and ACB-
IT) from SW Europe in order to investigate the soil components and processes influencing
the content, accumulation and vertical distribution of Hg. Total Hg content (Hgr) ranged
4 to 74 pg kg'! in both soils, showing a strong decrease from the A to E horizon, peaks in
Bhs horizons and a gradual decrease in Bw and BwC horizons. The total Hg pool (Hgrres)
was 43 and 46 mg m2, where the Bhs horizons accounted for 46 and 38 % of the total Hg
stored (ACB-I and ACB-II, respectively). A strong vertical heterogeneity in Hgy and
Hgrres throughout each horizon was observed thanks to the sampling scheme followed.

Principal component analysis (PCA) and principal components regression (PCR), i.e.
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using the extracted components as predictors, allowed to distinguish the soil components
that account for Hg accumulation in each horizon. The obtained model accurately
predicted accumulated Hg (R?= 0.845) through four principal components (PCs). In A
horizons, Hgr distribution is controlled by total soil organic matter (PC4), whereas in E
horizons the negative values of all PCs are consistent with the absence of components
able to retain Hg and the corresponding very low Hgr concentrations. Maximum Hgr
contents in Bhs horizons coincide with the highest peaks of secondary reactive Al
compounds (PC2 and PC3) in both soils. The Hgr distribution in the deepest horizons
(Bw and BwC) seems to be influenced by other pedogenetic processes different from
those in the upper part of the profile (A, E and Bhs horizons), being mainly controlled by
crystalline Al compounds (PC3). Our findings confirm the importance of soils in the
global Hg cycling, as they are able to subsuperficially stored large quantities of Hg

preventing its mobilization to other environmental compartments.

1. Introduction

Mercury (Hg) is an element that naturally occurs in the Earth’s crust and its average
concentration in worldwide soils varies between 20-250 pg kg! (Adriano, 2001).
Mercury is a contaminant of international concern due to its harmful environmental
effects as well as human health damage (Clarkson and Magos, 2006), especially in the
methylated form. It is considered a global pollutant due to its ability to be transported by
atmospheric air masses far away from its emission sources (Schroeder and Munthe, 1998;
Driscoll et al., 2013) leading to a wide distribution among all the environment

compartments —air, soils and waters.

Forest soils can act as an important Hg sink Hg (retaining up to 60 % of the Hg input,

Grigal, 2003), being accumulated in the uppermost soil layers mainly through litterfall
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(Gustin et al., 2008; Risch et al., 2012), but also due to its wet and dry deposition (Juillerat
et al., 2012). Once Hg reaches the soil, it is adsorbed by soil components, such as reduced
sulphur groups of organic matter (Skyllberg et al., 2006; Khwaja et al., 2006), and Al and

Fe oxyhydroxides (Do Valle et al., 2005; Guedron et al., 2006).

Most studies have traditionally focused on the dynamics of atmospherically deposited Hg
in surface soil horizons (e.g. Xin and Gustin, 2007). However, little is known about Hg
fate in soils when this metal is accumulated at deeper soil layers, as happens in podzols
and podzolic soils (Schwesig and Matzner, 2000; Pefia-Rodriguez et al., 2014; R6zanski
et al., 2016). In this sense, the true role of the different soil components and its vertical
distribution in these soils remains unclear. This is an important gap, as podzols and
podzolic soils are widely distributed worldwide, from temperate and boreal areas to

tropical zones, covering about 485 million ha (Sauer et al., 2007).

The pedogeochemical functioning in podzols is strongly associated to the vertical
migration, from the topsoil to the subsuperficial horizons, of dissolved organic matter
(DOM) accompanied by Al and Fe compounds, mainly as organometallic complexes (De
Coninck, 1980; Buurman and Jongmans, 2005; Ferro-Vazquez et al., 2014). This results
in a large vertical heterogeneity of soil composition and geochemistry, which would
determine the depth distribution of Hg in these type of soils, particularly in the illuvial
horizons, as already noted by e.g. Nave et al. (2019). However, studies characterizing in
detail the vertical pattern of Hg distribution in podzols and its relationship to the main
soil physicochemical properties/components are lacking. This is because traditional soil
sampling protocols, in which only one or two samples are collected per soil horizon
identified in the field, are not adequate for this purpose. In order to achieve this, a more
detailed sampling strategy, able to account for the high vertical variation in podzols

composition and geochemistry is required.
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This study performs a high-resolution characterization of the Hg vertical pattern in two
temperate forest podzols. The specific aims are the following: 1) to determine, in detail,
the vertical distribution of total and accumulated Hg using a high-resolution sampling
strategy; 2) identify which soil components and processes relate to Hg vertical
distribution in the studied podzols; and 3) determine how the components/processes are
influencing the Hg distribution. The results are also discussed from an environmental
perspective, focusing on the possible implications of podzols Hg dynamics on the global

Hg cycle.

2. Material and methods

2.1. Soil sampling and general characterization

The two podzols characterized in this work (ACB-I and ACB-II) have been studied
previously by Ferro-Vazquez et al. (2014, 2017). Briefly, the two soils are located in the
northern slope of Monte Acibro hill in Galicia (NW Spain), at 450 m above sea level. The
current climate conditions are characterized by a mean annual temperature of 11 °C and
a total annual precipitation of about 1250 mm. Present forest vegetation includes
eucalyptus (Eucalyptus globulus) and shrubs (Ulex europaeus, Daboecia cantabrica and
Calluna vulgaris). The two soil profiles, developed in the same pedogenetic unit, are

separated 20 m (ACB-I and ACB-II).

Sampling was made using a high-resolution sampling strategy (5 cm-thickness samples)
until the BwC horizon, i.e. 140 cm in ACB-I and 100 cm in ACB-II, making a total
amount of 28 and 20 samples, respectively. Both soils have an A horizon rich in organic
matter, an albic E horizon and a Bhs horizon that can be divided in a Bhs1 (more organic)

and a Bhs2 layers, underlain by a Bw horizon, a BwC transitional horizon and a C horizon
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which was not considered for the present study. The parent material is Quaternary

quarzitic colluvium.

Soil chemical data of both soils including organic matter content (SOM), characterization
of cation exchange complex, metal (Al, Fe)-humus complexes, Al and Fe inorganic
compounds and the total contents of several metals (Al, Fe, Si and Zr) were reported
elsewhere (Ferro-Vazquez et al.,, 2014), and are also available in Table SI

(Supplementary Material).

2.2, Determination of total content, accumulation (Hg pool) and

enrichment of mercury

Total Hg concentration (Hgr) in 80 to 100 mg of soil, finely milled using an automatic
agate mortar (Retsch RM100, Retsch RM200), was measured by atomic absorption
spectroscopy after thermal combustion using a DMA-80 mercury analyser (Milestone).
The detection limit was 0.043 ng. All soil samples were analysed in duplicate and
repeated when the coefficient of variation exceeded 10%. For QA/QC purposes, standard
reference materials GBW 07402 (soil, 15 + 3 pg kg'') and BCR 142R (soil, 67 + 11 pg
kg!) were measured at the beginning of each analytical run and repeated every fifteen
samples. When they deviated more than 10%, the Hg analyser was re-calibrated and the

samples from the last satisfactory value were re-analysed.

The total Hg soil pool (Hgtres) Was estimated for each sample having into account the
soil depth, soil bulk density and Hg concentration (Hgr) as it is shown in Supplementary

Material.

2.3. Statistical analyses
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A principal component analysis (PCA) was carried out with the aim of reducing the
dimensionality of the database and summarizing the variability in a few components
(PCs) that characterize the two soils under study. The soil properties included in PCA are
listed in Table S2. All soil variables were standardized by multiplying them by the soil
bulk density, resulting in accumulated values per soil volume. Varimax rotation was used
because it maximizes the loadings of the variables on the extracted components. As the
extracted principal components are orthogonal (i.e. independent), they are not subject to
redundancy. Variables with loadings higher than 0.50 were considered relevant for each

component.

In order to model how soil parameters are involved in Hg accumulation in the two profiles
studied, principal components regression (PCR) was performed, that is to say a stepwise
linear regression, using the principal component scores obtained in PCA as predictor
variables and Hg as independent variable. The suitability of the obtained model was tested
by representing the accumulated values of predicted vs observed Hg. The weight of each
principal component (wPC) was obtained by multiplying the score of each component by

the corresponding regression coefficient for each depth/sample.

All statistical analyses were carried out using SPSS version 25.0 software for Windows.
Results were considered statistically significant when p <0.05 and very significant when

p <0.01.

3. Results

A brief description of the general characteristics of both studied soils is shown in
Supplementary Material, while a more detailed description of the soils can be found

elsewhere (Ferro-Vazquez et al., 2014).
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3.1. Total mercury: vertical distribution and pools

In general, total Hg concentrations (Hgr) varied from 4 to 74 pg kg™ in the two soils
studied. Average Hg contents per soil horizon are shown in Table 1. The Hgr content
decreases with depth to its lowest values in the E horizons (range 6-7 ug kg!), and then
it increases until the highest concentration in the spodic horizons Bhs2 (range 55-63 ng
kg!). Moreover, a sharp decrease in Hg content was observed from the A to the E horizons

in both soils.

The high-resolution sampling procedure allows to detect that Hg contents are
heterogeneous within each soil horizon. Thus, in the A horizon of ACB-I Hgr gradually
decreases from the uppermost sample (0-5 cm) with a value of 49 ug kg'! to 12 pg kg!
in the bottom sample of this horizon (Figure 1). Total Hg values are low throughout the
E horizon (4-9 pg kg!), although they are slightly higher in the samples between 25 and
40 cm. A similar pattern of Hg distribution was found in the A and E horizons of ACB-
I1. In this case, Hgr diminishes from 31 to 19 ug kg'! in the A horizon (Figure 1), whereas

in the E horizon variation in Hgy is almost negligible.

In the illuvial horizons, Hgr values increase sharply from 12 to 50 pug kg'! in the Bhs1 of
ACB-I and from 17 to 66 ug kg-! in ACB-II. Mercury content keeps increasing in the
Bhs2 horizon of ACB-I, although less intensely (Figure 1), until its highest value at 85-
90 cm (73 pg kg!), followed by an abrupt decrease in the deepest part of this horizon.
The high-resolution sampling allowed us to identify a double peak of Hgr in Bhs2 of
ACB-II profile, one occurs at 40-45 cm (74 ug kg!) and another at 55-60 cm (69 pg kg
1 (Figure 1). Underneath Bhs horizons, the Hgr concentration decreases progressively
through Bw and BwC horizons of both soils (to 16 ug kg-! at 135-140 cm, in ACB-I BwC;

and to 39 ug kg'!' at 95-100 cm, in ACB-1I BwC).
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Significant correlations (p = 0.000) were found between Hgr and C,, (r = 0.497), Al (r =
0.621), Al (r=0.803), Alo, (r = 0.809), Al, (r = 0.836), Al, (r = 0.830), Al, (r = 0.856),

Fe, (r=0.609), Fe, (r = 0.552) and Feq (r = 0.714).

Total Hg pool (i.e., Hgrres) is similar in ACB-II (46 mg m2) and in ACB-I (43 mg m2),
with the highest pools found in the Bhs horizons, accounting for 20 mg m in ACB-I and
18 mg m in ACB-II (Table S3), representing 46 % and 38 % of the total amount of Hg
stored respectively. The eluvial horizons of both soils have the lowest Hgrges (2.6 and 1.2
mg m for ACB-I and ACB-II, respectively). The Hgrres vertical distribution differs from
that of Hgr variation mainly in the A horizons. Thus, in the A horizon of ACB-I the total
amount of Hg stored decreases from 1.3 mg m (0-5 cm) to 0.7 mg m (20-25 cm) (Figure
2). Hgtres in the eluvial horizon of ACB-I ranges from 0.6 mg m2(25-40 ¢cm) to 0.3 mg
m~2 (40-55 cm). Regarding ACB-II, Hgrgs in the A horizon is close to 1 mg m? and

around 0.4 mg m™? in the entire E horizon (Figure 2).

In the Bhs1 sub-horizon of both soils, Hgrres increases sharply up to 2.4 and 3.0 mg m
in ACB-I and ACB-II, respectively. In the Bhs2 sub-horizons, Hgrg.s values were 4.1 mg
m~2 in ACB-I and 3.6-4.0 mg m? in ACB-II. In the Bw and BwC horizons of ACB-I,
Hgrres decreases continuously reaching the lowest value (1 mg m2) in the bottom-most
sample (135-140 cm). In the Bw and BwC horizons of ACB-II, Hgrges does not show
significant variation from 65 cm to the bottom-most sample (95-100 cm), resulting in
these horizons a Hg storage twice than in ACB-I (Table 1). In both soils, Hgrgres 18
significantly correlated (r > 0.7, p < 0.05) with different Al compounds (Al-humus

complexes and crystalline Al) as well as Fe oxyhydroxides.

3.2 Assessment of main soil components involved in Hgy distribution
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The PCA extracted four components (eigenvalues > 1) that account for 91 % of the
variation of the soil data. The percentage of the variance explained by each component as
well as the loadings of the variables are shown in Table 2. PC1 and PC2 account for the
largest proportion of variance explained, with 29 and 27 %, respectively. Variables
included in PC1 are related to low stability Al-humus complexes (Alk, Al,, Aly), Fe-
secondary compounds (Fe,, Fe,, Feg), total Fe (Fer) and humified fraction of organic C
(C,) (Table 2). PC2 comprised parameters related to medium and high stability Al-humus
complexes (Alcy, Alom, Aloh, Alp), reactive Al (Al,), total Al (Alr) and potential soil
acidity (pHg) (Table 2). PC3 explains 21 % of the total variance and is related to
secondary inorganic Al and Fe compounds (Al,, Al. and Fe,), Si released after dissolution
of secondary inorganic Al and Fe compounds (Si,, and Si.) as well as total Zr (Zrr), with
all the loadings showing positive values (Table 2). PC4 involves 14 % of the variance and
includes variables related to fresh SOM (C, N), as well as some influence of the humified
fraction of organic C (C,), with positive loadings and total Si (Sir) with negative loading

(Table 2).

In synthesis, PC1 reflects low stability Al-humus complexes and Fe-humus complexes,
PC2 medium-high stability Al-humus complexes (as well as Al hydroxides, total Al and

acidity), PC3 secondary Al compounds and PC4 soil organic matter content (SOM).

The four extracted PCs can be considered new, synthetic variables with which we
conducted a stepwise linear regression analysis (using the scores of the four PCs) to model
accumulated Hg (Hg,..) distribution in the two soils. The best model included the four
principal components retained in PCA (Table S4), with an adjusted R? of 0.845. The

corresponding unstandardized coefficients obtained are summarized in Equation 1.

Hgr=38.04 4+ 14.40 * PC3 + 12.74 * PC2+ 7.49 x PC1 + 4.75* PC4  Eq. (1)
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Having into account the values of the standardized coefficients of the model, PC3 and
PC2 have a similar weight in the estimation of modelled Hg values (0.630 and 0.558,
respectively), being higher than PC1 (0.328) and almost three times higher than PC4

(0.208).

Figure 2 shows the observed and modelled patterns of accumulated Hg (Hg,..) —i.e. Hg
values standardized by soil bulk density (see Materials and Methods section). In general,
the Hg, is slightly underestimated in the uppermost sample of the A horizon of both
soils, improving the fitting in the lower part of A horizons. In E horizons, the Hg, is
higher than the modelled, particularly in ACB-II. Regarding illuvial horizons, the
modelled amount of Hg,. is higher than the measured values in the samples from Bhsl1,
whereas the opposite occurs in most of the Bhs2 horizon for both soils. Overall, the model
is rather accurate with root mean-square error values (RMSE) of 4.3, 11.4, 8.9 and 4.4 for

A, Bhs, Bw-BwC and E horizons, respectively.

The weight of each PC (wPC), which reflects the influence of each component in the
predicted Hg,.. at each depth, is shown in Figure 3. A different component fractionation
was observed for ACB-I and ACB-II soils, particularly in the Bw and BwC horizons. In
the A horizon of both soils, the main soil components influencing Hg,.. are SOM content
(PC4) with positive weight, and Al, Fe and Si compounds (PC1, PC2 and PC3) with
negative weights. The Hg,.. in E horizons is related to PC1, PC2, PC3 and PC4, with
negative weights. In the upper part of Bhs horizon, predicted Hg,. is positively influenced
by low stability metal (Al, Fe)-humus complexes and Fe oxyhydroxides (PC1) as well as
SOM (PC4). However, the fractionation in the Bhs2 horizons is quite different between
ACB-I and ACB-II. In ACB-I, Hg, is perceptibly influenced by medium-high stability
Al-humus complexes and non-crystalline Al (PC2). In contrast, in ACB-II there is a

gradual transition in the predominance of the components that influence Hg,, being more

10
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relevant the Al and Fe-humus complexes and Al-hydroxides (PC1 and PC2) in the upper
part of the sub-horizon (40-50 cm) and PC2 and PC3 between 50 and 60 cm (Figure 3).
This contrasting behaviour of Hg, is also observed in Bw and BwC horizons of the two
soils. While in ACB-I it is mainly related to medium and high stability Al-humus

complexes (PC2), crystalline Al and Si (PC3) clearly dominate in ACB-II (Figure 3).

4. Discussion

4.1. Total mercury: vertical distribution and pools

The Hgr concentrations of the two soils studied are in the order the natural background
concentration in non-polluted soils (< 100 ug kg'!; Xin and Gustin, 2007) and the maxima
also 2-4 fold lower than the maxima recorded in nearby ombrotrophic bogs (Martinez-

Cortizas et al., 2012).

The depth record of Hgr is characterized by a bimodal distribution, with relatively high
contents in A and spodic horizons and low in E and BwC horizons. The concentrations
of Hgr in the A horizons of ACB soils (12-49 pg kg'!) are consistent with those reported
for A horizons of podzolic soils from previous studies which range from 10 to 60 pg kg-
I'(Do Valle et al., 2005; Richardson et al., 2013; Nave et al., 2019). In ACB soils, the role
of organic matter in the accumulation of Hg in the A horizons is supported by the
significant correlations (n = 8; p < 0.01) between Hgr and total C (r = 0.905) and total N
(r=0.882). The organic matter is widely known to have a high affinity for Hg, especially
for the reduced sulphur groups (Khwaja et al., 2006; Skyllberg et al., 2006; Smith-
Downey et al., 2010). In particular, for podzolic soils, Nave et al. (2019) reported a

significant correlation between Hg and total organic C in 91 podzols from U.S.

The very low Hgr contents of the E horizons of the studied soils (range 4-9 ug kg!) are
interpreted as a consequence of the Hg depletion due to podsolization, as it was previously

11
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reported in other studies (Pefia-Rodriguez et al., 2014; Roézanski et al., 2016; Gomez-

Armesto et al., 2018).

The relatively high Hgr content in the Bhs horizons of the two soils (12-74 pg kg!) is
consistent with the data reported for spodic horizons in the literature (Schwesig and
Matzner, 2000; Richardson et al., 2013; Blackwell et al., 2014; Pefa-Rodriguez et al.,
2014; Yu et al., 2014; Roézanski et al., 2016). In all these studies, analogously to ACB
soils, Hgr in the illuvial horizons shows the highest concentration of the mineral soil,
excluding the O or A horizons, in which total Hg is expected to be higher in soils with
background Hg concentrations, as reported recently by Nave et al. (2019). As for Hg,
subsurface peaks of other elements such as lead have been reported in different studies
focusing on the fate of heavy metals in podzols (Bindler et al., 2008; Ferro-Véazquez et

al., 2017).

In the deeper soil (Bw and BwC horizons), Hgr decreases again although their values are
considerably higher than in E horizons in which Hg is depleted due to podsolization
(Figure 1). This suggests a weaker influence of the podsolization process in Hg

mobilization in Bw and BwC horizons compared to other parts of the soils.

Contrary to what is expected, the highest amount of stored Hg in ACB soils was found in
the spodic horizons (up to 46 % of the total Hg pool in the soil). This is attributed to the
illuviation process, acting spodic horizons of ACB soils as a Hg sink. The role of mineral
soil horizons in storing Hg was evidenced in forest soils from northeastern U.S. (Yu et
al., 2014) and recently reinforced by Richardson et al. (2018), who outlined a greater
ability of the mineral soil below 30 cm to sequester Hg compared to the uppermost soil
layers. In the present study, the total Hg pool in the Bhs horizons of ACB-I and ACB-II

20 and 18 mg m2, respectively; Table S3) is higher than the results found by Blackwell
g

12
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et al. (2014) in illuvial horizons of forest soils from New York State (9-11 mg m).
However, our results are lower than the values obtained by Larssen et al. (2008) in Bhs
horizons (23 mg m™2). This ability of subsuperficial horizons to accumulate Hg could
imply a greater capacity of soils to contribute to terrestrial ecosystems Hg pool that has

not been considered until now.

4.2. Soil components and processes influencing Hg vertical pattern

The factor contributing the most to the Hg,.. values in A horizons, (Figure 2) is the soil
organic matter content (PC4), represented by the total organic C and N contents as well
as humified organic C (C,) (Figure 3). Its effect is somewhat higher for ACB-I than for
ACB-II, probably due to a larger SOM content in the former (Table S1). In addition to a
quantity factor represented by total organic C, the quality factor of SOM (C,) is also
relevant in the Hg accumulation. In this sense, the ability of SOM for Hg binding depends
on its own characteristics in terms of density fractions (Nave et al., 2019), accessibility
to binding sites, sorption capacity and sorption affinity, as well as the nature of DOM
(Schliiter, 1997). Moreover, the strong affinity between Hg and organic matter,
particularly through the reduced sulphur groups (Skyllberg et al., 2006), contributes to
the accumulation of Hg in the superficial soil layers. It was also reported that at pH values
between 4.0-4.7, the same range of pH values of the A horizons of ACB-I and ACB-II
(Table S1), SOM is expected to be more efficient than Fe oxides and clay minerals in
binding Hg (Do Valle et al., 2005; Manceau and Nagy, 2008). The weight of the organic
matter factor in Hg accumulation decreases with depth within the A horizons of both soils
—a fact that can be only detected with a strategy of high-resolution sampling—, which is
consistent with a contribution from atmospheric deposition and/or from litter. The

negative weight of secondary Fe compounds and low stability Al-humus complexes

13
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(PC1), as well as secondary reactive Al compounds (PC2), suggests that Al and Fe could
be effective competitors against Hg for binding sites of SOM in A horizons, influencing

its whole ability to accumulate Hg.

The low amount of Hg,.. in E horizons is well described by the PCR model in both soils
(Figure 2). The Hg decline in E horizons is consistent with the depletion of metal (Al,
Fe)-humus complexes, secondary compounds of Fe and Al and organic matter, which are
actively involved in Hg retention (Schwesig and Matzner, 2000; Do Valle et al., 2005;
Pena-Rodriguez et al., 2014), and whose mobilization during podsolization is part of the
podzol formation process in temperate areas (Buurman and Jongmans, 2005; Sauer et al.,
2007). This is in agreement with the negative weights that show PC1, PC2 and PC4 in the
E horizons of both soils (Figure 3). Crystalline Al, Fe and Si compounds (Al Fe,, Si.,)
which together to Zr load in PC3 (Table 2), also show a negative effect in the Hg
accumulation in E horizons. Secondary crystalline compounds have a lower adsorption
capacity compared to non-crystalline ones (Schwertmann and Cornell, 2000), but the
participation of both compounds showed a scarce influence in Hg retention in E horizons

due to their low contents (Table S3).

The overestimation of Hg in Bhs1 horizons of both soils could be related to secondary Fe
compounds (Fe,, Fe,, Feq; PC1), which is the factor that showed the greatest positive
weight (Figure 3). The relevance of Fe compounds in these horizons is in agreement with
their maxima found in the Bhs1 sub-horizons of ACB-I and ACB-II (Ferro-Vazquez et
al., 2014). It is also consistent with the results of other studies of Hg content and
accumulation in soils. For example, Navratil et al. (2014) reported a positive correlation
between total Hg and oxalate-extractable Fe (Fe,) in mineral horizons of some podzols,

whereas Nave et al. (2019) also indicated the participation of Fe oxyhydroxides in Hg

14
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binding in podzols. Guedron et al. (2009) found a positive correlation between Hg and
non-crystalline Fe compounds in Fe-rich B horizons, and the relationship between Hg and
Fe compounds has been also reported in several studies (Do Valle et al., 2005; Grimaldi
et al., 2008). Crystalline and non-crystalline Al compounds in the Bhsl sub-horizons
showed a negative weight in relation with the Hg accumulation, suggesting that these
compounds are not competitive enough compared to Fe compounds in Hg retention in

these horizons.

Although with a lower influence, SOM (PC4) is also involved in Hg accumulation in the
Bhsl through the humified organic C fraction (C,). This type of organic matter provides
sites for binding Hg, which is expected to be mobilized (similarly to Fe and Al) together
with dissolved organic C (DOC) from uppermost soil layers. The accumulation of
mobilized organic matter in the uppermost centimetres of illuvial horizons is
characteristic of temperate forest podzols (Buurman and Jongmans, 2005). In this sense,
Hg solubility was found to be strongly influenced by the formation of soluble Hg-DOM
complexes (Schliiter, 1997). Other studies also suggested that Hg mobilization from
organic horizons to deeper soil layers was controlled by its interaction with the DOC in
forest podzols (Amirbahman et al., 2004), while Alriksson (2001) already mentioned the
role of DOC as carrier of Hg in podsolization. The mobilization of Hg from superficial A
horizons to deeper layers of podzols is also supported by modelling of batch experimental

data (Schliiter and Géth, 1997).

The Hg,.. levels in Bhs2 horizons of both soils are underestimated by the PCR (Figure
2), being the factors involved in the accumulation of Hg different between ACB-I and
ACB-II (Figure 3). The amount of Hg in Bhs2 horizon of ACB-I seems to be related to

secondary reactive Al compounds (PC2), including medium and high stability Al-humus
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complexes (Alyy, Aly), in @ much greater degree than the amount of SOM (PC4). The
weight of PC2 shows an increase with depth within the Bhs2 sub-horizon (from 70 to 90
cm), being consistent with the highest Hgr value in ACB-I (85-90 cm, Figure 1). This Hg
peak coincides with the greatest accumulation of secondary reactive Al compounds in
ACB-I (Ferro-Vazquez et al., 2014). Several studies have found relatively high values of
Hg in subsurface horizons which were attributed to metals mobilized by DOC (Schwesig
and Matzner, 2000; Hissler and Probst, 2006; Larssen et al., 2008). This is in agreement
with batch experiments results showing the highest Hg retention capacity in Bs horizons
of podzols (Schliiter, 1997). However, the predicted values of Hg,.. in the deeper part of
Bhs2 of ACB-I differ from the observed values, suggesting the participation of additional

factors or soil components not included in the PCR.

In the uppermost layers of the Bhs2 of ACB-II (40-50 cm), the main factor involved in
Hg accumulation is the content of secondary Fe compounds (PC1), similarly to what
occurs in Bhsl layer (Figure 3). This contrasts with the role of secondary reactive Al
compounds (PC2) in Hg retention observed in the same horizon of ACB-I. The distinctive
behaviour in these samples of the Bhs2 of ACB-II could be related to their greater amount
of Fe-humus complexes (Fe,) and crystalline Fe oxyhydroxides (Feq) (Table S1). Instead,
in the lower section of the Bhs2 of ACB-II (50-60 cm), secondary Al compounds (Al-
humus complexes and crystalline and non-crystalline Al minerals) are the most important
factor for the vertical distribution of Hg. Iron and Al oxides were reported to be efficient
in terms of adsorption of Hg complexed to DOM in illuvial horizons of podzols (Schliiter,
1997), and Gabriel and Williamson (2004) also considered the role of Al and Fe
oxyhydroxides as suppliers of binding sites of organically complexed Hg. Similarly, Fe
and Al compounds, including metal (Al, Fe)-humus complexes, have shown a significant

role in Hg retention in soils (Guedron et al., 2009).
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Unexpectedly, we did not observe a direct influence of SOM (PC4) in the vertical pattern
of Hg in Bhs horizons of both soils. This contrasts with the findings of Hissler and Probst
(2006) who considered that organic C enrichment in the soil justifies the variation of the
Hg content in podzolic soils, but it is consistent with the results of Nave et al. (2019) who
maintain that C and Hg are independently cycled in illuvial horizons. However, the
indirect effect of organic matter is expressed though the role of metal (Al, Fe)-humus
complexes which constitute PC1 and PC2. This would highlight the different role of SOM
in the vertical distribution of Hg in podzols, behaving mainly as a carrier in A and E
horizons whereas promoting Hg retention in Bhs horizons through its adsorption to
different Al and Fe compounds. Indeed, the mobilization of Hg as organic Hg complexes
towards mineral horizons, and its interaction with Al and Fe oxyhydroxides, was reported

by Guedron et al. (2009) in tropical soils.

The Bw and BwC horizons of both soils do not show a clear trend between the predicted
and observed Hg,.. (Figure 2). In the Bw and BwC horizons of ACB-I, the main factor
responsible for the vertical pattern of Hg in these soil layers seems to be relatively stable
organic Al compounds (PC2; Figure 3). The weight of PC2 in the explanation of Hg
pattern diminishes with soil depth, consistent with the decrease in the amount of AI-OM
compounds. The low contents of organic C and inorganic Al compounds in the Bw and
BwC horizons (compared to ACB-II) accounts for the negative weight of PC4, PC3 and

PC1 in the Hg distribution (Figure 3).

In ACB-II, the vertical distribution of Hg in Bw and BwC horizons is mainly explained
by the secondary crystalline Al, Fe and Si compounds (PC3). The amount of crystalline
Al and Fe compounds (Al; and Fe,) is comparatively greater than in ACB-I (Table S1).

Crystalline compounds of Fe and Al were reported to be efficient Hg sorbents in poorly
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organic horizons through the formation of hydroxyl Hg species, and these compounds are
mostly involved in Hg retention in C horizons of podzols (Schliiter, 1997). Crystalline Al
hydroxides were also considered in Hg retention in ferralsols, acrisols and gleysols, due
to their positive correlation with Hg content (Guedron et al., 2009). The weight of
secondary crystalline Al, Fe and Si compounds (PC3) in the explanation of Hg content

increases with soil depth in ACB-II, reflecting the intensity of the weathering process.

Soil components involved in Hg distribution in the Bw and BwC horizons of both soils
are different from those in the A, E and Bhs horizons, underlining that the former are not
affected by podsolization (eluviation and illuviation) to a large extent. This is in
agreement with the results reported by Nave et al. (2019), which highlighted the role of
soil forming processes in Hg distribution in podzols against the common view mainly
focused on C-Hg interactions. This is supported by the role of metal (Al, Fe)-humus
complexes (Al Fe,), corresponding to PC1 and PC2, compared to the role of SOM (PC4)

in the vertical variations of Hg.

4.3. Environmental implications of podzols into the global Hg cycling

The results obtained in our study are important due to the potential environmental
implications in the terrestrial biogeochemical Hg cycle. The following interpretations in
environmental terms are also extendable to soils around the world showing similar
pedogenetic processes (downward mobilization of organic matter and several metals) and

soil components such as Al and Fe hydroxides and metal-humus complexes.

The removal of Hg from the uppermost soil layers as a result of podsolization constitutes
a natural detoxifying process occurring in the O and A soil horizons, leading to a lower
accumulation of Hg in surface horizons of soils from areas located far from pollution

sources. Thus, the downward Hg mobilization prevents its accumulation reaching critical
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load values (130 ug kg'!' according to Tipping et al., 2010 and up to 320 pug kg! following
Frossard et al., 2017), therefore avoiding toxicity risks for small invertebrates, plants and
microorganisms which play a key role in the biogeochemical reactions that take place in
surface soil horizons. A low concentration and accumulation of Hg in surface soil layers
would also contribute to reduce the mobilization of soil Hg by runoff, one of the main
paths for Hg export in terrestrial ecosystems (Mitchell et al., 2008). Similarly, less Hg is
expected to be accessible for re-volatilization to the atmosphere, reducing secondary
natural Hg emissions (Smith-Downey et al., 2010), either as direct Hg evasion due to light
exposure (Xin and Gustin, 2007), non-photochemical abiotic reduction (Jiskra et al.,
2015), consequence of forest fires (Biswas et al., 2008) or due to changes in the land use

(Obrist et al., 2016).

Moreover, the mechanisms involved in podzolization transform spodic horizons into a
geochemical barrier that prevents further Hg mobilization towards groundwaters. As a
consequence, a lower amount of Hg is expected to reach aquatic ecosystems where it can

be easily methylated (Regnell and Watras, 2019).

On the other hand, our results show that the Hg sequestration in the illuvial horizons is
mainly related to metal-humus complexes, in which the rate of C mineralization is much
slower than non-metal-complexed soil organic matter (Schwesig et al., 2003), probably
due to the inhibiting effect of metals that complex the well-humified organic carbon.
Thus, Hg sequestered in podzol illuvial horizons will be presumably less sensitive to
changes in the biogeochemical cycle of C in the global warming scenario that has been
proposed (e.g. Smith-Downey et al. 2010), contributing to keep the soil capacity as the
main Hg sink in terrestrial ecosystems in podzol areas around the globe. This could

counterbalance the indeterminate response of surface horizons in Hg storage as a
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consequence of different processes (such as land use changes, lower Hg emissions due to
the Minamata Convention, fires, global warming, etc.) that can modify the lifetime of Hg

in soils (Smith-Downey et al., 2010).

It is particularly remarkable the influence of deeper, mostly mineral, soil horizons (Bw
and BwC) in the vertical distribution of Hg. In spite of the fact that these horizons are not
directly influenced by podsolization, they retain a relevant amount of Hg complementing
the sink role of illuvial horizons. Thus, the Bw and BwC layers should be taken into
consideration as part of an effective strategy involving soils in order to avoid Hg pollution

of groundwaters.

The Bw and BwC horizons together with the spodic horizons store relatively large
amounts of Hg, that accounts for 80 and 92 % of the total Hg pool in ACB-I and ACB-II
soils, respectively. These figures indicate that the global soil Hg pool could be
underestimated, since most studies are focused on Hg accumulation in the superficial soil
layers (i.e. 30 cm) and its interactions with SOM (Obrist et al., 2011; Richardson et al.,
2013; Navratil et al., 2014). A simple calculation of the total Hg stored in spodic horizons
of podzols worldwide, assuming an average Hg pool value of 18 mg m (the average
found in this work for Bhs horizons) and taking into account that podzols cover 430
million ha of land around the globe, results in a figure in the order of 77,400 Mg of Hg
stored in illuvial podzolic horizons. This amount makes approximately 7% of all total Hg
globally accumulated in soils (Sunderland and Mason, 2007). This value, which is not
negligible, highlights the capacity of deep soil layers to act as a global sink of Hg
coinciding with Richardson et al. (2018), who showed the importance of deep
soil/regolith in Hg accumulation. This fact should be considered in future studies

assessing the role of soils in the biogeochemical cycle of terrestrial Hg.
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5. Conclusions

The high-resolution soil sampling performed in the two podzols studied, ACB-I and
ACB-II, provided detailed information on the vertical Hg distribution and the soil
components and processes involved. The Hg content varies with depth, following a
bimodal distribution, with the highest values in the A and Bhs horizons. This behaviour
could not have been detected with a traditional sampling scheme. The Hg accumulation
in Bhs horizons seems to be related to well-humified soil organic C (C,) and metal-humus
complexes, mainly Al-humus complexes, whereas Fe-humus complexes have a minor
influence. The role of these soil components in the Hg distribution of both soils was

confirmed by the PCR results.

The Bw and BwC horizons also accumulate a significant amount of Hg (Hgrres) in both
soils, which is probably related to the role of crystalline Al compounds. This suggests
that different soil processes are involved in the Hg vertical distribution, being dominated
by podsolization in the A, E and Bhs horizons, while weathering of soil parent material

is the dominant process for the Hg accumulation in the Bw and BwC horizons.

Mercury accumulation in illuvial horizons of podzols leads, in environmental terms, to a
reduction in total Hg load in uppermost soil layers (O and A horizons), minimizing its
potential toxic effects in soil biota and reducing the risks posed by changes in organic
matter mineralization rates due to global warming. In addition, the soil compounds
involved in Hg accumulation in Bhs horizons prevent its mobilization to groundwaters,
conferring to these horizons a role as geochemical barrier against Hg downwards

transport.

21



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

The findings from this study reinforce the role of soils in the biogeochemical Hg cycle
and are extendable to worldwide soils whose geochemistry is dominated by interactions

between SOM, metal-humus complexes and Fe and Al oxyhydroxides.
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Table 1. Mean values (+ standard deviation) of some chemical properties of ACB-I and ACB-II soils on the basis of horizons identified in the field.

Soil Hor Depth an bpHy bOM bN °SB °Alg dHgy Y HETRes
————————— gkg'! cmol kg ------ ug kg! mg m~

ACB-I A 0-25 5 33+£0.2 687266 22+07 06+03 21+06 28.0+139 6.1
E 25-55 6 3.5+0.1 11.2+4.1 05+£03 03+£0.0 0.7+£0.2 6.7+£22 2.6

Bhsl1 55-70 3 3.6+0.3 50.0+1.0 1.2+£0.1 0.7+0.3 51+£2.1 343+19.6 4.7

Bhs2 70-95 5 44 +0.1 31.7+4.5 09+0.2 04+0.1 1.9+£0.6 553+12.5 15.1
Bw 95-125 6 4.6+0.0 14.7+4.7 0.6+0.3 04=+0.1 09+0.2 29.6 5.7 11.0

BwC 125-140 3 474+0.0 6.1+09 03+£0.0 03=£0.1 0.6+0.0 170+ 1.5 34

ACB-II A 0-15 3 32+0.1 61.0+3.8 1.5+£03 0.6+£0.2 1.2+£0.1 23.6+6.3 2.7
E 15-30 3 3.7+£0.1 8.7+£27 0.3+0.1 02+£0.0 03x+0.1 56+0.7 1.2

Bhsl 30-40 2 38+£0.1 665+£396 20+1.2 0.7+£0.3 48+19 413+344 3.8

Bhs2 40-60 4 42+0.2 33.8=+18.1 1.0+0.5 05+02 21+09 63.0+9.5 13.8

Bw 60-90 6 434+0.2 92+3.6 05+0.1 03+0.1 1.2+£0.2 463+7.3 18.9

BwC 90-100 2 4.5+0.0 6.1+0.3 04=+0.1 04+0.0 1.9+0.0 398+1.2 5.8

a1 is the number of samples for each soil horizon

b pHx is soil pH in saline solution (1 M KCI), OM is the total content of organic matter and N is the total nitrogen content
¢ SB is the sum of exchangeable base cations (Na, K, Ca and Mg) and Al is the exchangeable aluminium

4 Hgr and Hgrg, are total mercury content and the mass of total Hg in areal basis for each whole horizon
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Table 2. Loadings of the soil properties used in the PCA.

PC1 PC2 PC3 PC4 Com
Fe, 0.88 0.33 -0.11 0.11 0.91
Alp, 0.86 0.22 0.04 0.34 0.91
Fe, 0.86 0.42 -0.06  0.07 0.93
Fer 0.84 0.31 0.29 0.00 0.88
Al 0.82 0.41 -0.05 0.13 0.86
Fey 0.79 0.47 0.22 -0.07  0.89
Alg 0.76 -0.08 0.11 0.50 0.85
G, 0.61 0.35 -0.33 0.58 0.95
Al, 0.35 0.88 0.24 0.03 0.96
Al, 0.47 0.84 0.23 0.03 0.98
Algy 0.43 0.83 0.12 0.21 0.94
Algy 0.42 0.82 0.25 -0.10 093
Alg, 0.56 0.74 0.12 0.27 0.95
Alr 0.16 0.69 0.55 -0.28  0.88
pHk 0.08 0.67 0.44 -0.49  0.89
Sip -0.04 027 0.94 -0.05 097
Al 0.14 0.10 0.94 -0.18  0.95
Si. -0.02 0.28 0.94 -0.02 097
Al, 0.28 0.52 0.78 -0.11 097
Zry -029  -0.44  0.68 -0.34  0.86
Fe, 0.45 0.48 0.49 -024  0.74
N 0.09 -0.07  -0.11 0.92 0.88
C 0.22 -0.02 -027 091 0.94
Siy -053  -054 0.04 -0.58 090
Eigv 7.0 6.4 5.0 34
Var 29.1 26.8 21.0 14.2

PC1 — PC4: components

Com: communality, proportion of the variance of each parameter explained by the

extracted components
Eigv: eigenvalue

Var: percentage of variance explained by each component
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Soil Hg pool estimation

The total Hg soil pool (Hgrres), which is an estimate of the absolute amount of Hg stored
in a whole soil pedon, was estimated for each sample having into account the depth, soil

bulk density and Hg concentration (Hgr) according to Equation 1:

HQgrpes = BD * P * Hgr Eq. (1)

where BD is soil bulk density in Mg m (Table S1), P is the depth in m and Hgr is the

total Hg content in mg Mg-!. The soil Hg pool for each sample is expressed in mg m™.

General characteristics of the two profiles

Both soils have a sandy texture in A and E horizons (> 70 % sand) and loamy sand or
sandy clay loam in the illuvial ones (Gomez-Armesto et al., 2018). Main chemical
characteristics of the soils ACB-I and ACB-II are reported in detail in Ferro-Véazquez et
al. (2014). In brief, the two soils are strong to moderately acid (water pH between 4.0 and
5.0) and total organic carbon (C) and total nitrogen (N) contents diminish with depth in
both profiles (Table S1). The highest mean C content was found in the A horizon of ACB-
I (40 g kg'!') and in the Bhsl horizon (39 g kg') of ACB-II. Easily mineralized C,
equivalent to C extracted with Na-pyrophosphate (C,), peaks in Bhs1 horizons of both
soils (24 g kg! for ACB-I and 21 g kg! for ACB-II). The effective cation exchange
capacity (eCEC) is very low in both soils, varying between 0.6 and 5.8 cmol, kg'!, and
highly saturated in Al (Table S1). Aluminium fractionation is dominated by Al-humus
complexes, whereas Fe fractionation is evenly distributed among crystalline and non-
crystalline compounds, being the latest dominated by organically bound Fe. Maximum

values of Al-humus complexes were found in Bhs2 horizon while Fe compounds peak in



Bhsl1 horizon of both profiles, a distinctive characteristic of these soils as was reported

by Ferro-Vazquez et al. (2014)



Table S1. Main chemical properties of ACB-I.

Sample  Depth Hor *BD P'pH, “pHx ¢C <C, N 9SB 9CEC °¢Alx ‘AL, °¢Alc, 'Aly ‘Al, 'Al, ¢Al, ®Al, tAl, 2Al, 2Al. ¢Fe, Fe, ¢Fe, tFe, ¢tFe, ¢Si, Si, "Fey "Aly "Siy "Zry 'Hgr Hgrre  Hgue

cm g cm3 g kg1 cmol, kg! g kgl mg kg! pgkg! mgm? pgdm3
ACB-I-1 0-5 A 1.03 39 30 60.0 167 3.1 0.8 3.3 25 3.1 89 07 57 20 10 12 1.1 02 00 08 07 18 00 1.0 0.1 06 4 26 299 206 49.3 1.3 51.0
ACB-1-2 5-10 1.06 4.1 32 369 133 2.0 0.7 2.8 2.1 2.0 8.2 0.0 6.2 3.8 1.1 1.1 1.0 0.0 0.0 1.0 0.8 1.8 0.0 1.0 01 04 4 30 338 250 30.6 1.6 32.5
ACB-I-3 10-15 1.05 39 34 46,6 137 2.5 1.0 3.3 23 32 123 09 90 54 16 16 15 00 00 08 07 14 00 07 01 02 4 34 324 172 27.2 14 28.5
ACB-14 15-20 1.04 4.0 33 38.0 106 2.0 0.5 2.9 2.4 2.8 9.9 03 7.1 1.8 1.0 1.2 1.1 02 00 04 04 1.1 0.0 07 01 0.1 3 32 355 226 21.6 1.1 22.4
ACB-I-5 20-25 1.19 43 34 178 6.1 12 03 1.4 1.1 1.4 39 03 25 16 05 06 06 02 00 02 02 07 00 05 01 02 2 29 413 185 11.6 0.7 13.8
ACB-I-6 25-30 E 1.29 4.2 3.4 10,0 44 1.1 0.3 1.0 0.7 0.9 2.1 0.1 1.3 1.7 04 04 04 00 00 02 0.1 0.5 0.0 04 01 0.1 2 25 452 309 8.7 0.6 11.3
ACB-I-7 30-35 1.30 43 3.5 76 41 03 03 1.0 07 0.7 16 00 09 22 03 04 04 00 00 02 01 05 00 04 0.1 0.1 2 24 457 286 9.2 0.6 12.0
ACB-1-8 35-40 1.30 4.1 3.5 74 37 05 03 1.0 0.7 0.5 2.1 0.0 1.6 1.2 03 04 03 0.1 00 0.1 0.1 0.4 0.0 03 01 0.1 3 25 412 207 7.9 0.5 10.3
ACB-I-9 40-45 1.35 4.7 36 48 31 03 03 0.8 06 04 1.2 00 038 16 02 03 03 00 00 01 01 03 00 02 01 0.1 2 26 460 193 4.7 0.3 6.3
ACB-I-10 45-50 1.35 4.2 3.6 33 25 03 02 0.8 0.5 0.6 0.9 0.0 0.3 1.6 02 03 03 0.1 00 0.1 0.1 0.4 0.0 04 01 0.1 2 25 487 248 4.2 03 5.7
ACB-I-11 50-55 1.18 43 36 60 37 05 03 1.5 1.2 1.5 29 03 1.5 16 04 05 05 00 00 02 02 10 00 08 01 o0.1 3 48 428 202 5.6 0.3 6.6
ACB-I-12 55-60 Bhsl 0.94 4.3 34 203 132 11 04 4.7 4.2 6.8 11.8 2.6 5.0 4.6 1.5 1.6 1.7 0.1 0.1 1.6 1.2 1.6 0.0 04 01 02 8 81 316 218 12.4 0.6 11.7
ACB-I-13 60-65 0.85 4.1 35 338 289 12 1.0 8.4 74 121 250 47 129 106 33 29 41 00 11 84 86 95 02 09 01 04 71 73 169 142 40.5 1.7 34.6
ACB-I-14 65-70 0.97 4.4 40 329 287 12 0.7 4.3 3.6 8.6 258 50 172 412 61 6.1 7.2 0.0 1.1 264 21.6 283 0.0 67 01 03 68 72 159 151 50.1 2.4 48.7
ACB-I-15 70-75 Bhs2  1.02 4.6 43 205 165 0.8 0.6 3.3 27 55 239 28 184 325 52 52 64 00 12 122 85 250 0.0 165 0.1 04 24 76 265 151 55.2 2.8 56.3
ACB-I-16 75-80 1.06 4.6 4.4 194 155 08 0.5 2.7 2.2 4.6 249 24 203 340 52 50 69 0.0 19 78 40 11.2 0.0 7.1 01 04 21 94 226 142 54.7 2.9 57.9
ACB-I-17 80-85 1.11 4.6 45 180 143 0.7 04 2.0 16 35 249 19 214 373 57 55 77 00 21 61 35 105 00 70 01 06 17 91 227 162 56.0 3.1 62.4
ACB-I-18 85-90 1.12 4.7 45 20.1 164 08 04 2.0 1.6 3.7 248 22 210 417 59 60 80 0.1 20 60 34 74 0.0 41 0.1 0.6 18 96 214 173 72.8 4.1 81.8
ACB-I-19 90-95 1.18 4.8 45 140 11.1 12 03 1.4 1.2 36 158 24 122 333 43 48 70 05 22 49 26 68 00 42 01 06 16 85 253 189 37.5 2.2 444
ACB-1-20 95-100 Bw 1.20 4.8 4.5 127 104 1.1 0.2 1.3 1.1 2.9 16.7 1.8 138 290 41 43 60 02 1.7 43 2.6 5.6 0.0 31 01 0.6 14 71 304 172 38.7 2.3 46.3
ACB-I-21  100-105 1.21 4.6 46 105 84 1.0 04 1.4 1.0 27 142 16 115 286 39 40 55 01 15 45 25 60 00 35 01 06 14 73 309 164 31.0 1.9 37.5
ACB-1-22 105-110 1.25 4.6 4.6 8.9 64 05 05 1.4 09 2.8 14.1 19 113 225 33 36 52 0.2 1.7 39 25 6.4 0.0 40 0.1 0.6 14 85 275 216 30.7 1.9 38.2
ACB-I-23  110-115 1.27 4.6 47 73 6.1 04 03 1.1 0.8 1.8 129 10 11.1 204 30 29 43 00 14 31 20 64 00 45 01 06 13 72 320 214 27.8 1.8 354
ACB-1-24 115-120 1.27 4.4 4.7 6.7 55 04 03 1.1 0.8 1.8 11.7 1.0 9.9 190 28 28 4.1 0.1 1.2 30 20 6.8 0.0 48 0.1 04 12 64 298 184 28.3 1.8 36.1
ACB-I-25  120-125 1.29 44 47 52 41 03 04 1.1 0.7 1.4 97 07 83 177 25 25 37 00 12 25 16 68 00 52 01 04 11 64 346 193 21.3 14 27.5
ACB-I1-26 125-130 BwC 1.31 4.5 4.7 4.2 32 03 05 1.1 0.6 1.6 8.6 0.9 7.0 171 23 21 32 0.0 1.0 23 1.5 6.6 0.0 51 01 04 11 69 349 215 18.6 1.2 243
ACB-I-27  130-135 1.34 4.6 47 33 3.0 03 02 0.8 0.6 1.1 74 06 62 151 20 20 30 00 10 20 14 64 00 50 01 04 10 63 335 168 16.8 1.1 22.5
ACB-I-28 135-140 1.34 4.6 4.7 32 28 03 0.2 0.8 0.6 1.3 6.9 0.7 5.6 145 19 20 3.0 0.0 1.1 2.1 1.4 8.0 0.0 66 01 04 10 68 339 138 15.6 1.0 21.0

2 BD: bulk soil density

® pH,, and pHy are pH values measured in distilled water and 0.1 M KCl, respectively

¢C, C, and N are total carbon content, Na-pyrophosphate extracted C and total nitrogen content, respectively
4 SB and eCEC are base cations (Ca, Mg, Na, K) and effective Cation Exchange Capacity, respectively

¢ Alk, Alp, and Alc, are Al extracted with potassium chloride (K), lanthanum chloride (La) and copper chloride (Cu), respectively
f Aloy, Alyy and Algy, are Al-humus complexes of low (ol), medium (om) and high-stability (oh), respectively

¢ Al,, (Fep), Al, (Feo, Si,), Al, (Si,) and Fey: Al (Fe) extracted with Na-pyrophosphate (p), Al (Fe, Si) ammonium oxalate-oxalic acid (o), Al (Si) extracted with Na hydroxide (n) and Fe extracted with Na-dithionite-citrate (d), respectively

Alia (Feia) and Alc (Fec) are inorganic non-crystalline Al (Fe) and secondary crystalline Al (Fe) compounds, respectively

h Fer, Alr, Sir and Zrr are total Fe, Al, Si and Zr contents, respectively

iHgr, Hgrres and Hg, . are total Hg concentration, total Hg pool and accumulated Hg, respectively



Table S1 (continuation). Main chemical properties of ACB-II.

Sample  Depth Hor “BD ‘'pH, “pHx C <C, N 9SB %CEC °‘Alx °¢Al;, °¢Ale, 'Aly 'Al,, 'Al, 2Al, 2Al, £Al, fAlL, ®Al, ¢Fe, tFe, ¢Fe, ®Fe, ¢®Fe, £Si, ¢Si, "Fer "Aly "Siy "Zry 'Hgr 'Hgmre  'Hgu

cm g cm3 g kgl cmol, kg! g kg1 mg kg!-----—-- pgkg! mgm? pgdm3
ACB-II-1 0-5 A 0.96 4.6 32 373 92 18 038 2.0 1.2 21 46 09 25 34 08 07 10 00 03 07 07 17 00 1.0 0.1 05 4 20 385 216 30.7 0.7 29.5
ACB-II-2 5-10 0.97 4.6 33 359 72 14 05 1.6 1.2 19 55 08 35 47 09 08 10 00 02 07 06 17 00 1.1 01 03 3 26 393 219 21.3 1.0 20.7
ACB-II-3 10-15 0.98 4.6 32 330 76 13 05 1.8 1.3 23 71 10 48 42 10 10 12 00 02 04 05 09 00 05 01 03 3 28 398 277 18.8 0.9 18.5
ACB-1I-4 15-20 E 1.30 4.7 36 68 21 03 03 0.6 03 06 1o 03 04 11 02 03 03 01 00 01 01 04 00 03 01 0.1 2 19 468 229 6.3 0.4 8.2
ACB-II-5 20-25 1.40 4.7 37 44 15 04 02 0.5 02 05 05 03 00 13 02 02 02 01 00 01 01 04 00 03 01 0.1 2 22 441 209 4.9 0.3 6.9
ACB-II-6 25-30 1.43 4.7 38 39 1.7 02 02 0.7 05 09 .1 05 0.1 18 03 03 03 01 00 03 02 09 00 07 01 0.l 3 33 443 207 5.6 0.4 8.1
ACB-II-7 30-35  Bhsl  1.05 4.6 37 223 99 12 05 4.0 35 76 133 41 58 107 22 16 24 00 08 43 20 68 00 48 01 0.1 11 58 332 219 16.9 0.9 17.9
ACB-II-8 35-40 0.90 4.5 39 548 318 29 09 7.1 62 112 393 51 280 328 65 53 73 00 20 246 214 291 00 7.6 01 03 44 64 210 156 65.6 3.0 59.0
ACB-II-9 40-45 Bhs2 097 4.7 41 349 19.1 1.7 0.6 3.8 32 84 236 52 151 443 61 46 70 00 25 179 128 272 0.0 144 01 04 40 69 240 158 73.5 3.6 71.6
ACB-II-10  45-50 1.09 4.7 43 181 11.0 1.0 0.7 3.2 25 70 1997 46 126 378 52 38 67 00 29 127 84 196 00 112 01 05 26 69 324 168 53.0 2.9 58.0
ACB-II-11  50-55 1.16 4.7 44 132 80 0.7 05 1.9 1.5 39 155 24 116 374 48 47 78 00 31 64 40 131 00 91 01 07 20 75 325 184 57.2 33 66.1
ACB-II-12 55-60 1.17 4.7 40 122 49 0.7 03 1.5 1.1 3.1 170 2.0 139 266 39 50 84 1.0 34 3.1 1.7 96 00 79 01 08 19 78 325 202 68.5 4.0 80.3
ACB-II-13  60-65 Bw 1.23 4.8 41 9.1 35 05 03 1.3 10 28 141 18 113 220 33 43 90 1.1 47 23 22 76 00 54 01 08 18 63 346 312 59.3 3.7 73.2
ACB-II-14  65-70 1.33 4.8 42 60 27 06 03 1.3 1.1 24 108 14 84 222 30 27 86 00 59 24 18 68 00 50 01 07 18 64 335 307 459 3.0 60.9
ACB-II-15  70-75 1.36 5.1 42 53 17 04 03 1.3 1.1 24 87 13 63 184 24 22 80 00 58 20 15 73 00 58 01 07 16 72 331 252 477 3.2 64.9
ACB-II-16 75-80 1.41 5.1 43 43 1.8 05 04 1.6 1.3 2.2 7.5 0.9 53 152 20 20 77 00 57 20 13 68 00 55 01 0.7 17 57 331 256 44.7 32 63.1
ACB-II-17  80-85 1.43 5.0 45 40 16 06 04 1.8 1.5 23 81 08 58 139 20 19 78 00 59 20 11 70 00 59 01 08 16 66 339 327 433 3.1 61.9
ACB-II-18  85-90 1.47 5.1 45 34 14 06 04 2.0 1.6 22 82 06 60 150 21 17 76 00 58 20 10 75 00 65 01 10 17 68 345 291 37.1 2.7 54.6
ACB-II-19  90-95 BwC 145 5.0 45 37 15 04 04 23 1.8 23 68 05 45 117 17 17 65 01 48 24 09 72 00 63 01 10 17 63 335 335 40.7 2.9 58.9
ACB-II-20  95-100 1.47 4.9 45 34 14 03 04 2.3 1.9 22 64 03 42 134 18 15 73 00 58 24 08 80 00 72 01 10 17 70 318 324 39.0 2.9 57.1

2 BD: bulk soil density
® pH,, and pHy are pH values measured in distilled water and 0.1 M KCl, respectively
¢C, C, and N are total carbon content, Na-pyrophosphate extracted C and total nitrogen content, respectively

4 SB and eCEC are base cations (Ca, Mg, Na, K) and effective Cation Exchange Capacity, respectively
¢ Alk, Alp, and Alc, are Al extracted with potassium chloride (K), lanthanum chloride (La) and copper chloride (Cu), respectively
f Aloy, Alom and Al are Al-humus complexes of low (ol), medium (om) and high-stability (oh), respectively

¢ Al, (Fep), Al, (Fe,, Sio), Al, (Sin) and Feq: Al (Fe) extracted with Na-pyrophosphate (p), Al (Fe, Si) ammonium oxalate-oxalic acid (o), Al (Si) extracted with Na hydroxide (n) and Fe extracted with Na-dithionite-citrate (d), respectively
Alia (Feia) and Alc (Fec) are inorganic non-crystalline Al (Fe) and secondary crystalline Al (Fe) compounds, respectively
h Fer, Alr, Sir and Zrr are total Fe, Al, Si and Zr contents, respectively

"Hgr, Hgrres and Hg, . are total Hg concentration, total Hg pool and accumulated Hg, respectively



Table S2. List of soil properties used in the principal component analyses carried out for ABC-I and ACB-II.

Parameter | Extraction procedure Observations Reference

pHx soil pH in 1 M KCl solution | measure of potential soil acidity (Guitian & Carballas, 1976)

C CHN analyser total organic carbon content

N CHN analyser total nitrogen content

C, 0.1 Na pyrophosphate C in metal-humus complexes (Bascomb, 1968)

Alg 1 M KCI exchangeable Al (Lin and Coleman, 1960)

Alg, 0.33 M LaCl; Al weakly bound to soil organic matter in Al-humus complexes (Hargrove and Thomas, 1981)
(include exchangeable Al)

Algy 0.5 M CuCl, Al moderate and weakly bound to soil organic matter in Al-humus | (Juo and Kamprath, 1979)
complexes

Al, 0.1 Na pyrophosphate Al bound to soil organic matter (Bascomb, 1968)

Al, 0.2 M ammonium oxalate— | Al in non-crystalline compounds (including Al-humus complexes) | (Blakemore, 1978)

oxalic acid (pH 3)

Al, 0.5 M NaOH total reactive Al in secondary crystalline and non-crystalline (Borggaard, 1985)
compounds (including Al-humus complexes)

Al Alp,-Alg low stability Al-humus complexes (Garcia-Rodeja et al., 2004)

Alym Alcy-Al, moderate stability Al-humus complexes (Garcia-Rodeja et al., 2004)

Alg, Al-Alc, high stability Al-humus complexes (Garcia-Rodeja et al., 2004)

Al Al,-Al, Al in secondary crystalline compounds (Garcia-Rodeja et al., 2004)

Fe, 0.1 Na pyrophosphate Fe bound to soil organic matter (Bascomb, 1968)

Fe, 0.2 M ammonium oxalate— | Fe in non-crystalline compounds (including Fe-humus complexes) | (Blakemore, 1978)

oxalic acid (pH 3)

Feq Na-dithionite-citrate free Fe in secondary crystalline and non-crystalline compounds (Holmgren, 1967)
(including Fe-humus complexes)

Fe, Fey-Fe, secondary crystalline Fe compounds (oxyhydroxides) (Garcia-Rodeja et al., 2007)

Si, 0.5 M NaOH total free Si pool (include Si in secondary crystalline and non- (Borggaard, 1985)
crystalline compounds)

Si, Si,-Si, Si in opaline silica and 1:1 phyllosilicates (Garcia-Rodeja et al., 2007)

Alr EMMA-XRF total Al content (Cheburkin and Shotyk, 1996)

Fer EMMA-XRF total Fe content (Cheburkin and Shotyk, 1996)

Sit EMMA-XRF total Si content (Cheburkin and Shotyk, 1996)

Zr1 EMMA-XRF total Zr content (Cheburkin and Shotyk, 1996)
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Table S3. Hgrres (mg m2) per horizon for ACB-I and ACB-II. The percentage of
the contribution of each horizon to the total Hg stored in the soil is shown between

brackets.

ACB-1 ACB-II
A 6.1 (14) 2.7 (6)
E 2.6 (6) 1.2 (3)
Bhsl 4.7(11) 3.8(8)
Bhs2 15.1 (35) 13.8 (30)
Bw 11.0 (26) 18.9 (41)
BwC 3.4 (8) 5.8 (13)
Total 43.1 46.2

Table S4. Stepwise principal components regression models for predicted Hgr.

Model Equation Adjusted R?
1 38.0+14.4*PC3 0.384
2 38.0+14.4*PC3+12.7*PC2 0.695
3 38.0+14.4*¥PC3+12.7*PC2+7.5*PCl 0.803
4 38.0+14.4*PC3+12.7*PC2+7.5*PC1+4.8*PC4 0.845
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