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Atmospheric mercury (Hg) usually tends to accumulate in the upper horizons of sails.
However, the physico-chemical characteristics of some soils, as well as pedogenetic
processes, past climate changes, or soil degradation processes, can lead to a
redistribution of mercury through the soil profile. In this work, the presence and
accumulation of mercury was studied in three deep polycyclic soils from a
mountainous area in NW lberia Peninsula. The highest total Hg values (Hgr) were
found in the organic matter-rich O and A horizons of FL and MF profiles (169 and
139 ug kg™, respectively) and in the illuvial horizon of RV (129.2 ugkg™"), with the
latter two samples showing the maximum Hg reservoirs (29.3 and 29.0mgm™,
respectively). Despite finding the highest Hg content in the surface horizons,
considerable Hg reservoirs were also observed in depths higher than 40-50cm,
indicating the importance of taking into account these soil layers when Hg pools are
evaluated at a global scale. Based on the mass transfer coefficients, we can rule out the
contribution of parent material to the Hg accumulation in most of the horizons, thus
indicating that pedogenetic processes are responsible for the Hg redistribution observed
along the soil profiles. Finally, by means of principal component analysis (PCA) and
stepwise linear regression we could assess the main soil components involved in the
Hg accumulation in each soil horizon. Therefore, PC1 (organic matter and low stability Al-
hummus complexes) showed a higher influence on the surface horizons, whereas PC2
(reactive Al-Fe complexes and medium-high Al-hummus complexes) and PC4 (crystalline
Fe compounds and pH,,) were more relevant in the Hg distribution observed in the deepest
soil layers.
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INTRODUCTION

Hg is a global pollutant of environmental concern, which can
cause serious damage to the health of both humans and wildlife,
especially in the methylated form (Clarkson and Magos, 2006;
Driscoll et al.,, 2013). Hg is mainly emitted to the atmosphere by
both natural and anthropogenic sources and transported far away
from its emission point. Therefore, one of the biggest Hg
reservoirs in the biosphere is the atmosphere (Obrist et al,
2018). After a certain period of permanence in the atmosphere
(up to 2years, Schroeder and Munthe, 1998), Hg is deposited
over terrestrial ecosystems through direct wet and dry
precipitation and via litterfall. Because of its predominant
atmospheric origin and its high affinity for the reduced
sulphur groups of the organic matter, Hg tends to accumulate
in the organic-matter rich superficial soil layers (i.e., 30-50 cm)
(Skyllberg et al., 2006; Smith-Downey et al., 2010; Obrist et al.,
2014; Obrist et al., 2017). For this reason, most of the Hg studies
in terrestrial ecosystems are usually focused on the top few
centimetres of soils (Xin and Gustin, 2007). However, on a
minor scale, Hg can also occur in soils as a result of the
weathering of soil parent material (Roulet et al, 1998;
Guédron et al, 2006; Pefia-Rodriguez et al, 2014;
Kroonenberg et al., 2022). As a consequence, Hg derived from
lithological sources could be also contributing significantly to the
total Hg soil pool, especially in the deepest soil horizons
(Fiorentino et al., 2011; Richardson et al., 2018; Kroonenberg
etal,, 2022). The participation of the deep soil layers in Hg storage
would strengthen the role of soils as a main reservoir of
atmospheric Hg in terrestrial ecosystems, as well as making it
less probable that Hg would reach aquatic ecosystems (Amos
et al.,, 2013). Unfortunately, few recent studies have explored the
relevance of soil deep horizons in the biogeochemical fate of Hg in
soil, as most of them were restricted to the surface soil horizons
(Richardson et al., 2018; Schuster et al., 2018; Kroonenberg et al.,
2022; Richardson, 2022; Richardson, 2022). In the deepest soils
layers, soil components other than C, such as Al and Fe
oxyhydroxides or organic Al and Fe compounds, have been
recognized to influence the vertical pattern of Hg in soils (Do
Valle et al., 2005; Guédron et al., 2006; Navratil et al., 2014;
Richardson et al., 2018; Gomez-Armesto et al., 2020).

Podzols and soils with podzolic characteristics can serve as
examples of soils with a recognized ability to accumulate Hg in
the deeper soil horizons. In Podzols, Hg can be mobilized through
the soil profile together with organic matter and Al and Fe
compounds and afterwards immobilized due to its adsorption
to metal (Al, Fe)-humus complexes and Al and Fe oxyhydroxides,
leading to the characteristic soil vertical pattern of Hg reported in
different works (Guédron et al, 2009; Navratil et al.,, 2014;
Richardson et al.,, 2018; Gémez-Armesto et al.,, 2020; Gomez-
Armesto et al., 2021a; Gémez-Armesto et al., 2021b).

Besides the particular chemical properties that determine Hg
occurrence in soils such as Podzols, the distribution of Hg in
other soils can also be defined by pedogenetic processes, past
climate changes, or soil degradation processes (forest fires,
deforestation, erosion) as reported by Obrist et al. (2018). In
some cases, the soil can be removed whole or in part by climatic
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and/or erosive causes and deposited far away from its original
area, whereas in other cases, surface soil layers are buried with soil
mobilized through erosion. When this happens, it is quite
probable that the appearance of polycyclic soils is a
consequence of the action of several pedogenetic processes, as
these soils show a complex mixture of chemical properties, soil
compounds, and morphological features (Taboada-Castro et al.,
1995; Peiteado Varela et al., 2002). In fact, a polycyclic soil is a soil
developed under different climatic scenarios that led to different
and, sometimes, contrasting pedogenetic processes, resulting in
soil horizons that are not genetically related (Canarache et al,
2006). Thus, the multilingual dictionary of soil science supported
by the Spanish Society of Soil Science (SECS-SLCS-IEC, 2023)
indicates that the deeper part of a polycyclic soil derived from old
pedogenetic processes may serve as parent material of the more
recent and superficial part of the soil. The involvement of
polycyclism processes, through the vertical arrangement of
organic matter and Al and Fe oxyhydroxides along the soil
profile, was reported to be responsible for vertical patterns of
Hg in mountain forest soils from Tierra del Fuego, Argentina
(Penia-Rodriguez et al., 2014). In summary, the substantial role of
the pedogenetic processes in the soil Hg sequestration should be
deciphered to assess the transcendence of soils in the
biogeochemical cycle of Hg in terrestrial ecosystems.

The present study assess the occurrence, accumulation, and
vertical distribution of Hg in three deep polycyclic soils from a
mountain area in NW Iberia Peninsula. This study aims to
evidence the relevance of deeper soil layers in terms of soil Hg
pools, and attempts to further understand the main soil chemical
characteristics and soil processes involved in the observed Hg
patterns with soil depth.

MATERIAL AND METHODS
Study Area and Sampling Procedure

This study was carried out in the Xistral Mountains, a medium
altitude mountain range (maximum 1,060 m a.s.l.) located in the
north of the province of Lugo (Galicia). This area is characterized
by a mean annual temperature between 7°C and 10°C, and a
moderate total annual rainfall (1,400-1800 mm) with a scarce
rainfall seasonality and abundant fogs throughout the year above
600 m a.sl. (Pontevedra-Pombal et al., 2012). In the Xistral
Mountains, three soil profiles developed from granitic
materials and with a complex morphology were selected for
the present study. These soils were denoted as FL (43°
31'42.8" N, 7° 31'3.9" W) MF (43° 28'6.7" N, 7° 31'33.5" W),
and RV (43°31'22.6" N, 7° 29'54.9" W), with a depth of 185, 190,
and 155 cm, respectively. The vegetation in the three sampling
sites was mostly dominated by different species of heather (Erica
sp.), some individuals of shrubs species from genus Ulex and
Cytisus, small patches of mosses (Sphagnum sp.), and several
herbaceous species such as Molinia caerulea and Agrostis curtisii.

At each soil sampling site, samples were collected on a surface
cut of a forest track, removing the first 30 cm-thickness of the
profile in order to obtain a fresh soil surface and avoid potential
anthropogenic disturbances. From each individual horizon
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identified in the field, soil samples were collected at an interval of
10-20 cm with a plastic garden trowel, which was rinsed twice
between samples with a diluted HNO; solution and then dried.
The total number of soil samples collected was 45. In addition, a
fresh rock sample representing the parent material for each
sampled soil was collected. Soil and rock samples were stored
in plastic bags and transported to the laboratory in a portable
fridge at 4°C. Once in the laboratory, after plant debris and stone
removal, soil samples were air-dried and sieved (2-mm mesh),
whereas rock samples were washed with distilled water and any
soil residue removed. Approximately 0.5 kg of sieved soil was
quartered with a stainless steel riffle-splitter to obtain samples
with enough representativeness and homogeneity for subsequent
general chemical characterization and Hg analyses.

Analytical Methods

The physico-chemical characterization of soil samples was
carried out in the fine earth fraction (<2 mm). Soil pH was
determined in soil suspensions obtained after addition of
distilled water (pH,,) or saline solution (0.1 M KCI, pHg) to
soil samples, maintaining a 1:2.5 soil:solution ratio. The total
content of biophilic elements (i.e., C and N) were determined in
an autoanalyzer after combustion of milled soil samples, with
total C values assumed to be organic C due to the absence of
inorganic carbonates in the studied soils. Neutral saline solutions,
1M NH,CI (Peech et al, 1947) and 1M KCI (Alg; Lin and
Coleman, 1960) were used to displace exchangeable base cations
(Ke, Na,, Ca., Mg.) and exchangeable Al. The sum of all displaced
exchangeable cations was considered an estimate of the effective
cation exchange capacity (eCEC). Soil texture was obtained on the
basis of the particle-size distribution, which was determined after
wet sieving (sand fractions) and the pipette method based in the
sedimentation rate of soil particles for silt and clay fractions (Gee
and Bauder, 1986).

The fractionation of Al and Fe in soil samples was carried out
following the procedures used by Garcia-Rodeja et al. (2004).
Aluminjum and Fe complexed by soil organic matter were
obtained after extraction with 0.1 M Na-pyrophosphate
solution (Al,, Fey). A 0.2M ammonium oxalate-oxalic acid
solution buffered at pH 3 was used to dissolve all non-
crystalline Al and Fe compounds (Al,, Fe,) including poorly-
ordered inorganic Al and Fe oxyhydroxides and metal (Al, Fe)-
humus complexes. To estimate the total free pools, a 0.5 M NaOH
solution was used in the case of Al (Al,) while an Na-dithionite-
citrate solution was applied for Fe (Feq). After these extractions,
the following fractions of Al and Fe were operatively defined: a)
metal (Al, Fe)-humus complexes which are equal to Al, and Fe,;
b) inorganic non-crystalline Al and Fe compounds (Al;,, Fe;,) as
the subtraction among the amounts of Al and Fe extracted with
oxalate-oxalic acid and Na-pyrophosphate; ¢) crystalline Al and
Fe compounds (Al Fe.) from the result of total free Al and Fe
minus oxalate-oxalic acid extractable Al and Fe. To extend the
characterization of the organically complexed Al pool, two
additional extractions were carried out using two chloride salt
solutions, namely, 0.5 M CuCl, (Juo and Kamprath, 1979) and
0.33 M LaCl; (Bloom et al., 1979), denoted as Alc, and Al
respectively. Following previous studies (Urrutia et al, 1995;
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Garcia-Rodeja et al., 2004), chloride salt solutions provide the
operative differentiation of Al-humus complexes in the following
types: high stability Al-humus complexes (Alp, as Al,-Alcy),
moderate stability (Aly,,, as Alc,—Al;,) and low stability (Al
Al;,-Alg). The concentration of Al and Fe in the different
extractions was determined by flame-AAS spectrometry.
Carbon solubilized during the Na-pyrophosphate extract (Cp)
was determined by titration with 0.1 N Mohr salt and considered
an estimation of well humified soil organic matter.

For the Hg measurement, samples of soil and rock were milled
in a mechanical agate mortar (Retsch RM100, Retsch RM200).
About 100 mg of each sample was analyzed twice using a DMA-
80 Hg analyzer (Milestone), which is based on thermal
decomposition and atomic  absorption  spectroscopy.
Measurements were repeated when the coefficient of variation
was higher than 10%. In order to test the accuracy of the method
(for quality assurance and quality control purposes), different
standard reference materials were analyzed at the start of each
sample run and every fifteen samples, obtaining recovery
percentages of 91% for GBW 07402 (average 13.6 =*
0.7 ugkg™"; n = 12) and 91% for GBW 07427 (average 47.4 +
9.8 ugkg™'; n = 9). Finally, the detection limit of the method was
0.043 ugkg ™.

Mercury Reservoir Evaluation

For each sampled depth, the pool of Hg (Hgges_q) was calculated
taking into account the corresponding thickness (Ty4), bulk
density (Bg), coarse fragment proportion (C) (%), and total Hg
content (HgT) as in Wang et al. (2017).

Hgpres.a = Hgr xBgxTgx (1-C)

The Hg reservoir in each soil horizon identified (Hgry.s)
was calculated as the sum of all Hgges 4 included in the same
horizon.

Relative Hg Losses and Gains During
Weathering

Mass transfer coefficients of Hg (tyg) were calculated following
the open-system mass transport function (Guédron et al., 2006;
Fiorentino et al., 2011; Guédron et al., 2013; Richardson, 2022;
Spinola et al.,, 2022) for each sample depth, in order to evaluate
Hg depletions or enrichments and to discriminate among
possible sources of Hg (atmospheric deposition or lithogenic
origin) in the soil profiles. The chosen immobile element for
calculations was zirconium and its concentrations in soil
(subscript s) and parent material (subscript r) of both elements
(Hg as mobile element and Zr as immobile element) were used as
follows:

— HgT,s* ZrT,r
ZrT,s HgT,r

THg

The 1y, for each soil horizon identified was calculated as
the average of all Tau values included in the corresponding
depths analysed. As Spinola et al. (2022) indicated, positive t
values mean Hg enrichment of soil horizons regarding soil
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TABLE 1 | Mean values per soil horizon of some chemical characteristics of FL, MF, and RV soils.

Profile Horizon Depth “n pH. pHk
cm
FL O 0-10 1 4.7 4.3
A 10-30 2 4.8 3.9
AC 30-50 2 5.1 41
2A 50-60 1 4.8 4.2
2AC 60-74 1 4.7 4.3
2BC 74-90 1 4.7 4.4
3BC 90-150 3 4.6 4.5
3C 150-185 3 4.9 4.4
MF A 0-38 3 4.8 3.6
Bhs 38-48 1 5.0 4.3
Bs 48-68 1 5.0 4.4
2CB 68-100 2 5.1 4.5
3C 100-190 6 5.2 4.3
RV A 0-43 4 4.8 4.2
B 43-75 6 4.8 45
2A 75-95 3 4.7 4.4
2AB 95-110 2 4.7 45
2B 110-140 2 4.8 4.3
2C 140-155 1 4.8 4.0

Mercury in Polycyclic Mountain Soils

c °Cp N S 9Bs Al
% cmol, kg™

20.8 10.3 1.5 0.05 5.9 1.3
1.3 71 0.7 0.05 1.3 6.5
5.0 4.3 0.3 0.02 0.3 4.3
5.7 5.1 0.3 0.01 0.3 3.7
4.5 2.2 0.2 0.01 0.2 4.0
3.2 2.9 0.1 0.01 0.2 1.9
2.4 1.5 0.1 0.01 0.2 1.8
0.6 0.0 0.0 0.00 0.2 0.7
10.9 5.9 0.6 0.03 1.6 52
3.0 1.7 0.1 0.01 0.2 2.1
3.9 3.2 0.2 0.01 0.3 2.1
1.6 1.0 0.1 0.00 0.2 1.3
0.6 0.1 0.0 0.00 0.4 1.2
7.7 5.7 0.5 0.03 0.6 4.2
4.5 3.9 0.3 0.02 0.4 1.8
3.1 2.2 0.2 0.01 0.4 1.7
1.2 0.9 0.1 0.01 0.4 1.1
0.3 0.1 0.0 0.01 0.4 1.5
0.1 0.0 0.0 0.01 0.3 1.8

4n is the number of samples for each soil horizon.

prW and pHy are soil pH in water and in saline solution.

°Cy, is the pyrophosphate-extracted C.

9BS is the sum of base cations (Ca, Mg, Na, K) and Alx is the exchangeable Al.

parent material, negative T values signal Hg losses, and if zero
values are obtained Hg is stable in the horizon in relation to
the parent material or there is net gain/loss of Hg in that
horizon.

Statistical Treatment of Data and

Calculations
All the statistical analyses described in this section were done
using SPSS version 25.0 software for Windows.

In order to reduce the number of soil variables studied into a
few components, a principal component analysis (PCA) was
conducted, applying varimax rotation that maximizes the sum
of the variances of the square loadings. Each principal component
consisted of variables with loadings higher than 0.50 (Abdi and
Williams, 2010).

A principal component regression (PCR) analysis was
carried out with the “new” variables obtained in the PCA as
independent variables, and the principal components which
are not correlated between them (orthogonal) and Hg as
dependent variables. Using this method, we could predict
Hg concentration and distinguish which soil properties are
most involved in the Hg depth distribution observed. The
weight of each component (WPC) was used to calculate its
participation in the Hg prediction and it was estimated by
multiplying the score of each component by the corresponding
standardized regression coefficient (Liu et al., 2003). The
accuracy of the model was checked through root mean
squared error (RMSE) calculation and through the
representation of Hg observed vs. predicted.

RESULTS AND DISCUSSION

Main Characteristics of Soils

The general chemical properties of the three soil profiles are
shown in Table 1 as an average per soil horizon type. The pH in
distilled water (pH,,) ranged from 4.6 to 5.2, and in saline solution
(pHg) was about 0.2-1.1 units lower than pH,,. The range of pHw
is quite similar to that reported in previous studies on forest soils
derived from granitic material, varying from 4.5 to 5.3 (Alvarez
etal,, 2002; Eimil-Fraga et al., 2015). The strong acidity showed by
the studied soils, which was more evident in the A horizons, is
expected considering the low content of weatherable minerals in
the soil parent material as well as the climatic conditions that
favour the loss of base cations through leaching (Macias et al.,
1982). In addition, the contribution of the exchangeable acidity
associated with proton release from organic matter functional
groups and Al-humus complexes can also contribute to the
observed acidity, as was evidenced in highly complex colluvial
soils (Kaal et al., 2008) and in podzolic soils (Ferro-Vazquez et al.,
2014). Since there are no carbonates in these soils, the total carbon
is assumed to be equal to organic C and it ranged from 20.8% in
organic horizons to 0.1% in the deepest C soil horizons. The
highest Na-pyrophosphate extracted C (C,)/C ratios occurred in
the buried A horizons as well as in the illuvial horizons of MF,
indicating the presence of well-humified and reactive organic
matter in them which may be mobilized as metal-humus
complexes (Ferro-Véazquez et al, 2014). As expected, due to
the strong acidity of the studied soils, the sum of the base
cations was very low in all horizons (0.2-5.9 cmol. kg™),
while the exchangeable Al (Alg) was slightly high
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TABLE 2 | Mean contents per soil horizon of Al and Fe compounds and Hg (Hgy), total reservoir of Hg (YHgrres) and Tau.

Profile Horizon Depth %n PAl, PAl, Al PFe PFe, PFey °Hgr °SHo1res Hg
cm g kg™ ug kg™ mg m2
FL 0 0-10 1 47 48 5.2 49 5.8 7.1 169 8.6 460.4
A 10-30 2 4.4 47 5.8 47 6.5 6.9 117 20.2 199.0
AC 30-50 2 46 55 5.7 49 4.9 6.3 44 7.0 72,5
2A 50-60 1 8.6 10.0 10.7 71 9.0 9.9 79 6.6 135.3
2AC 60-74 1 8.9 9.8 12.8 5.3 6.4 7.3 91 10.0 137.3
2BC 74-90 1 6.8 9.9 10.6 2.4 25 3.8 47 7.0 83.4
3BC 90-150 3 6.3 9.3 16.2 1.2 1.7 1.7 36 22.6 58.2
3C 150-185 3 2.2 3.0 17.5 0.6 0.8 27 15 57 20.4
MF A 0-38 3 4.4 5.2 5.9 48 7.1 8.8 139 29.3 59.4
Bhs 38-48 1 6.7 7.7 10.2 46 8.1 9.4 52 35 44.6
Bs 48-68 1 11.3 13.3 18.9 28 37 6.8 93 11.3 23.3
2CB 68-100 2 47 9.0 9.3 1.6 2.2 4.8 40 9.9 13.7
3C 100-190 6 2.1 4.1 18.3 15 1.9 6.0 22 125 9.4
RV A 0-43 4 9.4 10.0 11.9 7.3 75 125 113 29.0 3.2
B 43-75 6 9.0 15.0 16.2 7.2 8.6 14.2 129 325 5.0
2A 75-95 3 57 10.0 14.8 3.4 3.9 75 88 13.3 2.3
2AB 95-110 2 2.7 57 13.7 1.2 1.6 4.0 28 3.0 0.4
2B 110-140 2 1.3 28 16.7 0.8 1.2 3.1 15 4.1 -05
2C 140-155 1 07 1.4 17.5 0.4 0.6 27 9 15 -0.6

4n is the number of samples for each soil horizon.

bAlp (Fep), Al (Feo), Al, and Feyare Al (Fe) extracted with Na-pyrophosphate (), ammonium oxalate-oxalic acid (o), Al extracted with Na hydroxide (n) and Fe extracted with Na-dithionite-

citrate (d), respectively.

°Hgr and Hges are total mercury content and the mass of total Hg in areal basis for each whole horizon.

dng are the mass transfer coefficients of Hg for each whole horizon.

(0.7-6.5 cmol,. kg™'), especially in the surface and buried A
horizons, where it dominated the cation exchange capacity of
the soils. Both the exchangeable base cations and exchangeable Al
are in the range of values reported for acid forest soils developed
from parent materials poor in weatherable minerals such as
granite, micaceous schist, slates, or quartzites (Alvarez et al.,
2002; Eimil-Fraga et al,, 2015; Cutillas-Barreiro et al., 2016).
Unless in the case of the O layer of FL soil, Al dominated the
cation exchange complex in the studied soils (range 0.7-6.5 cmol,.
kg ™) which is characteristic in acid forest soils.

The distribution of the Al and Fe compounds in the soil solid
phase of the different horizons studied is summarized in Table 2.
The Al distribution is dominated by the non-crystalline
compounds (Al,) in the O, A, and B horizons ranging from
4.7 to 15.0 gkg™, although in most of the cases Al-hummus
complexes (Al,) represented more than 60% of total non-
crystalline Al compounds. The predominance of non-
crystalline Al compounds is often reported in mountain acid
forest soils from NW Iberian Peninsula (Garcia-Rodeja and
Macias, 1986; Alvarez et al., 2002). On the other hand, Al
(secondary crystalline Al compounds, estimated as the
difference of Al, minus Al,) showed a notable predominance
in the deepest soil layers (mostly C or transitional B/C horizons)
representing 42%-92% of the total free Al pool. A greater
abundance of crystalline compounds, compared to other non-
ordered Al compounds, was shown by Garcia-Rodeja and Macias
(1986) in low organic C content horizons of soils derived from
weathered granitic materials located in mountain areas. With
regard to organically-complexed Al compounds, its distribution
is dominated by Al-humus complexes of moderate (Al,;,) and

high stability (Aly,) below 20-30 cm depth in the three soil
profiles, showing values in ranges of 4-37 and 4-91 cmol.
kg ™!, respectively. These values are in the same order as those
reported in previous studies where Al fractionation in acid forests
soils was assessed (Alvarez et al., 2002; Kaal et al., 2008; Ferro-
Vazquez et al.,, 2014), and combined, Al,,, and Al accounted for
51%-99% of the total Al-humus complexes (Figure 1).
Consistently with Eimil-Fraga et al. (2015), the degree of
organic matter humification in the FL, MF, and RV soils,
indirectly assessed through the C/N ratio, would favour the
organic matter-Al interactions and the consequent formation
of high stability Al-humus complexes.

In the case of the Fe distribution, organically-complexed Fe
(Fep) dominate in the A horizons (4.7-7.3 g kg’l), whereas in the
B and C horizons there is an equal partition between Fe-hummus
complexes (Fe,) and crystalline compounds (Fe.) (Table 2). The
range of Fe values extracted with different solutions
(0.4-14.2 gkg™") is quite similar to that reported by Kaal et al.
(2008) for soils with a noticeable polycyclic pedogenetic
character. The trend observed in the fractionation of Fe in FL,
MF, and RV coincides with that reported for acid soils from
mountain areas (Ferro-Vazquez et al., 2014; Gémez-Armesto
et al., 2021a).

Considering the morphological features observed during field
sampling such as the horizon diversity and discontinuities
recognisable by the occurrence of stone lines and charcoal and
the previous discussion of main soil physicochemical
characteristics, the three soils studied are representative of
complex polycyclic soils typically found in the mountain
landscapes from NW Iberian Peninsula. According to this and
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FIGURE 1 | Vertical patterns of Al-humus complexes of low (Aly), moderate (Al,m) and high stability (Al,) in the soils FL, MF, and RV.

following the TUSS-WRB (2014), although some classification  Figure 2, the maximum Hgy in the RV soil does not occur in
requirements could be not wholly satisfied such as colour in the  the uppermost soil layer (A horizon) but in the B horizon
illuvial horizons, a tentative classification of the studied soil was ~ (129.2 ugkg™"), although both horizons showed a relatively
Folic Umbrisol for soils FL and MF and Cambic Umbrisol in the ~ similar mean value. The buried soil in RV shows a noticeable

case of RV soil. Hgy level in the 2A horizon (88 ugkg™"), although somewhat
lower than in the present soil cycle. Below the horizon 2A, Hgr

Total Mercury Content and Pools decreases with depth in the soil RV and the lowest value is

The total mercury content (Hgy) is shown in Table 2 as an  observed in the deepest horizon with 9 ugkg™".

average per type of horizon. In general, the highest Hg Although the Hgr in the samples of the three soils studied were

concentrations are found in the organic matter rich horizons  considerably higher than the values of Hgy found in their parent
of the three soils (O and A) as well as in illuvial horizons, whereas ~ material (0.7, 1.3, and 4.0 ugkg ' for soils FL, MF and RV,
the minimum Hgy is observed in the C horizons of the studied  respectively), most of the samples were below 130 ug kg™, the
soil profiles. Values of Hgr in the uppermost soils layers of the  critical load of Hg in soils (Tipping et al., 2010). Previous studies
three soils were higher than the range 43-92 pgkg™' estimated  have shown that in soils with background Hg levels, such as those
through deep neural network-regression kriging in topsoil  from the present study, the proportion of available Hg scarcely
samples (0-20 cm) from the NW Iberian Peninsula in a large-  reaches a percentage of 0.31% of Hgr in acid soils (Frey and
scale study carried out in the European Union (Ballabio et al,  Rieder, 2013). Therefore, considering both the levels of Hgr and
2021). Greater values of Hgy than expected in A and O horizons  the equivalent fraction of available Hg, the bacterial and fungal
could be justified by, besides other factors, the altitude at which ~ communities of the studied soils are not likely to be affected, as
the studied soils were located, as according to previous research ~ detrimental effects on these are only likely with values of Hgr
greater atmospheric Hg deposition is favoured in these areas  above 320 ugkg ' (Frossard et al., 2017), almost twice that of the
(Blackwell and Driscoll, 2015; Wang et al., 2017). Indeed, in the measured values. Moreover, only the surface horizons (O and A)
abovementioned study of Ballabio et al. (2021), moderate Hg and the B horizon of the soil RV have Hg concentrations
levels were found for the Cantabrian Mountains in whose western ~ somewhat higher than the natural background considered for
foothills are located the Xistral Mountains. Detailed revision of ~ non-polluted soils (<100 ugkg™'; Xin and Gustin, 2007). This
values of Hgy in the studied soils reveals that maximum Hgr in  value of Hgy (100 pgkg™") was also considered by Harris-Hellal
the FL profile was in the O horizon (169 pgkg '), diminishing et al. (2009) as a threshold below which no modifications were
steadily with the soil depth until the first buried soil appeared  observed in the bacterial community structure. For plants and
(horizons 2A and 2AC) where Hg ranges between 79 and  terrestrial invertebrates, toxicity effects were observed for Hgr
91 ugkg™' (Figure 2; blue line). In the MF soil, the highest Hg  levels several orders of magnitude higher than those found in FL,
content was observed in the surface A horizon (139 pg kg™"') then MF, and RV soils (Mahbub et al., 2017).

decreasing in the Bhs horizons to increase again in the spodic Bs In general, the values of Hgy obtained in the present study are
horizon (93 ugkg™"). Contrary to the FL profile, the remains of  in the same order as those reported for acid forest soils not
older soil cycles in the MF site do not lead to subsurface peaks of ~ directly affected by Hg emission point sources worldwide (Du
Hgr and this diminishes, progressively reaching the lowest values et al., 2019; Gruba et al,, 2019; Nave et al., 2019; Gomez-Armesto
in the deepest horizon analysed (3C). As it can be seen in  etal, 2021a, 2021b; Kroonenberg et al., 2022). Beyond the values
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FIGURE 2 | Variation of observed (blue circles) vs. predicted Hg (red triangles) with soil depth in the soils FL, MF, and RV.

of Hgr, the variation of Hg concentrations with soil depth should
also be considered. The progressive diminution of Hgr values
with soil depth observed in the three studied soils, besides the very
low values of Hg in the parent material, indicates a predominance
of atmospheric against lithological Hg source, which reinforces
atmospheric deposition as the main mechanism responsible for
the occurrence of Hg in the soil surface. Previous studies that
focused on the variation of Hg with soil depth also showed a
noticeable diminution of Hg from the surface to bottom horizons
(Fiorentino et al., 2011; Richardson et al., 2018; Gémez- Armesto
et al, 2020; Kroonenberg et al, 2022; Richardson, 2022).
However, as it can be seen from Figure 2, some parts of the
soil profiles can depart from this general trend due to the effects of
pedogenetic processes.

The Hg reservoir (Hgr.s), shown in Table 2, was calculated
as the sum of the absolute amount of Hg in each soil sample
that compounds the horizon described for the studied soil
profiles. The total Hg accumulated in the whole soil profile was
87.7, 66.5, and 83.4mgm > for the FL, MF, and RV soils,
respectively. On average, the studied soil profiles accumulated
79.2 mg m 2, higher than the total Hg pool of the upper 40 cm
of forest soils reported by Obrist et al. (2009) (from 4 to
7 mg m™2), Zhou et al. (2017) (from 7.2 to 10.7 mg m?), and
Obrist (2012) (from 3 to 40 mg m™2). When evaluating the
upper 60 cm of forest soils, Méndez Lopez et al. (2023) assessed
between 32 and 42 mg m > in the complete mineral soil profiles
studied. Hg pools reported by Demers et al. (2007) (22 mg m™>
and 9.6mgm™> for deciduous and coniferous stands,
respectively) are also lower than those reported in the
almost 2-m-depth soil profiles of the current study. When
comparing Hg pools from different studies, in addition to the
uncertainties arising from their calculation for specific soil
horizons and/or the complete soil profile (Zhou et al., 2020),
different soil profiles depths should also be of concern. In fact,
Hgr.s reported for the upper meter of six different 10-m depth

soil profiles by Richardson et al. (2018) were 26, 33, 48, 69, 98,
and 246 mg Hg m 2.

The Hg reservoir (8.6 mgm™>) of the soil horizon with the
highest Hgr content (O horizon - FL soil profile) was higher than
the range (0.02-7mgm ) found for this type of horizon
worldwide (Evans et al., 2005; Demers et al., 2007; Friedli
et al.,, 2007; Obrist, 2012; Richardson et al., 2013 or Méndez
Lopez et al., 2023). The O layers are usually considered as the soil
horizons more influenced by atmospheric Hg deposition, but
despite this, higher Hg stocks were detected in singular horizons
from these polycyclic soils like 2AC (FL soil), Bs and 3C (MF soil)
or 2A (RV soil).

The horizons with the highest Hgr,.; were the B-horizon
from RV soil (32.5 mg m™2), located at 43-75 cm depth followed
by both the surface A horizons from RV and MF soil profiles
(29.0 and 29.3mgm™>, respectively). Similar thickness
(32-41 cm depth), bulk density (0.81—0.99gcm’3) and high
total Hg contents (113-139ugkg™', Table 2) were
responsible for similar Hg pools of these horizons. As an
average, the Hg stored in the surface mineral horizons (A
horizons upper 30 cm, ~26.2 mgm™?) is comparable to that
found by Richardson et al. (2018) in the upper 30 cm of several
soils with values between 26 and 38 mgm . At greater soil
depths; Richardson et al. (2018) estimated higher Hg inventories
as we observed in subsurface mineral horizons such as B from
RV soil and the transition layer 3BC from FL soil. The Hgres
estimated for the 3BC layer (22.6 mg Hg m™>) is mainly a
consequence of its thickness (60 cm) and, to a lesser extent,
to Hgr content (36 ugkg™).

The lowest Hgr,s occurred in the deepest sampled horizons
from FL and RV soil profiles (3C: 5.7 mg Hg m > and 2C: 1.5 mg
Hg m™2, respectively) manly due to their low Hgy contents and
the Bhs horizon from MF soil (3.5 mg Hg m™2) because of its low
thickness (10 cm) and high coarse fragment proportion (54%).
Therefore, the commonly observed declining pattern of Hg
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concentrations with depth (Zhou et al., 2020) is broken when
areal mass is taken into account because in addition to Hg
concentrations, soil horizon properties related to soil genesis
(density, coarse fraction content, horizon thickness, organic
matter content, etc.) will influence the pattern distribution of
Hgrres- As a result, deeper and subsurface soil horizons that are
not commonly evaluated (>40-50 cm) because they are not
suspicious for accumulating atmospheric Hg can evolve as true
reservoirs with important environmental and health implications.
The highest Hg pools observed in the deepest horizons
(>40-50 cm) represented about 50%-65% of all the Hg stored
in those soil profiles. This fact suggests that, if deep layers of soils
are not evaluated, a big proportion of the Hg stored at a global
level in soils will be systematically underestimated. Fluctuations
in the pool of Hg observed with soil depth are even more
prominent when looking at polycyclic soils due to the complex
soil genesis involved. This has a great transcendence in
environmental terms since Hg accumulated in deep soil
horizons is associated with organic matter and Al and Fe
compounds which are expected to contribute to the most
recalcitrant soil Hg pools (Smith-Downey et al., 2010). In
absence of anthropogenic perturbations such as forest fire or
land-use changes, the biogeochemical stability of this soil Hg pool
prevents its mobility to other components of terrestrial
ecosystems, leaving aside toxicity risks to wildlife and human
health as well as a decline in the quality of groundwater and
surface waters.

The complexity of polycyclic soils is also conspicuous when
evaluating possible gains and losses of Hg regarding parent
material. The highest 1y, values in each soil profile (Table 2)
were detected in current or older surface horizons (O, A and
even AC horizons) showing that atmospheric deposition of Hg
was, and still is, the main source of Hg in the soils evaluated.
Moreover, regardless ofthose buried surface horizons, Ty,
values decrease as soil profile depth increases and the
lowest values were always calculated for the deepest
horizons of each soil profile showing almost no influence of
Hg from lithogenic sources. Close to zero Ty, negative values
(-=0.5 and -0.6 from 2B to 2C horizons from RV soil,
respectively) were also interpreted as indicative of almost
no atmospheric deposition. Compared to FL and MF soil
horizons, 1y, values from RV soil are very low. They are
comparable with those reported by different authors for a
nearby active quarry soil profile in Brasil (Fiorentino et al.,
2011), for different sites in a New York-Tennessee transect
(Richardson, 2022), and for different forest soils in a nearby
study area (Gomez Armesto et al., 2021). In all cases, Ty, values
are mainly positive but less than 10. When focussing in FL and
MF soil profiles, similar values of Ty, were only found in the
deepest soil horizons. The soil FL is that with the highest Ty,
values which are comparable to those found in soils nearby to
gold mines (Guédron et al., 2006).

The mass transfer coefficients of Hg calculated for the three
soil profiles were of different orders of magnitude but all
indicated a net gain of Hg in the soil horizons regarding
their parent material. In fact, the contribution from parent
material to soil Hg accumulation is very low in almost all of the

Mercury in Polycyclic Mountain Soils

horizons evaluated. Taking into account that the studied
polycyclic soils are located relatively close to one another
and therefore climate conditions are assumed to be the
same, in addition to exogenic inputs associated to
atmospheric Hg deposition, pedogenetic processes should be
also involved in Hg distribution accounting for its gains and
losses throughout the soil profiles as it was indicated by
Guédron et al. (2006).

Relationship Between Soil Properties and
Hg Distribution

In order to understand the involvement of soil processes in Hg
distribution through soil profiles, in addition to common soil
properties derived from the general characterization of soil
samples, the different forms of Fe and Al associated to the soil
solid phase together with Hg concentrations were included in
the PCA analysis. The PCA extracted four components
(Table 3) that accounted for 87% of the variance. The soil
properties included in each PC and their corresponding
loadings are shown in Table 3. The highest variation of the
data was explained by PC1 and PC2, which accounted for 36%
and 30%, respectively. PC1 is mainly associated with soil
organic matter, including variables such as C, N, or S, but

TABLE 3 | Loadings of the soil properties used in the principal component

analysis.

PC1 PC2 PC3 PC4 Com
N 0.97 0.18 0.09 0.01 0.98
C 0.96 0.21 0.14 -0.01 0.98
eCEC 0.92 0.01 0.33 -0.07 0.96
S 0.91 0.21 0.01 0.08 0.89
BS 0.90 -0.18 -0.15 -0.01 0.86
Al 0.84 0.07 0.45 -0.09 0.93
Co 0.83 0.43 0.26 0.08 0.96
AlLa 0.78 0.22 0.53 -0.12 0.96
Algy 0.74 0.26 0.54 -0.13 0.93
pHk -0.69 0.33 -0.53 0.02 0.87
Alg -0.10 0.93 -0.19 0.11 0.93
Alp 0.12 0.93 0.12 0.15 0.92
Alom 0.15 0.91 0.11 -0.06 0.86
Alon —0.09 0.89 -0.01 0.26 0.86
Alcy 0.47 0.76 0.32 -0.09 0.90
Alg -0.39 -0.76 -0.31 0.15 0.84
Fep 0.30 0.72 0.30 0.49 0.94
Feo 0.29 0.70 0.46 0.42 0.95
Feq 0.16 0.63 0.17 0.72 0.97
Alia -0.35 0.51 -0.48 0.01 0.62
Feia 0.12 0.31 0.70 0.04 0.60
Aly -0.56 -0.07 -0.57 0.31 0.75
Fec -0.10 0.29 -0.34 0.84 0.91
pHw -0.28 -0.45 0.08 0.49 0.53
Eigv 8.6 71 3.0 2.2
Var 35.6 29.6 12.7 9.1

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.

Soil properties determining each principal component (PC) appear in bold.
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FIGURE 3 | Contribution of each principal component (wPC) to the predicted Hgr of each sample (weight: regression standardized coefficient for a given

also exchangeable cations and Al-hummus complexes of low
stability. PC2 comprised reactive Al and Fe complexes,
particularly those Al-hummus complexes of medium to
high stability. PC3 explained 13% of the variance of the
data and it was related to inorganic non-crystalline Fe
compounds and total reactive Al with opposite sign. Finally,
PC4 included crystalline Fe compounds and pH,, accounting
for 9% of the data variability.

In order to elucidate the influence of the soil properties in
the Hg distribution observed in the three soil profiles studied,
we performed a stepwise regression analysis using the scores of
the four PCs extracted by PCA, considering them as new soil
variables. The best model obtained included PC1, PC2, and
PC4 with and adjusted R? 0f 0.893. The predicted Hg (Hgpreq)
for each soil sample was estimated through the following Eq. 1:

Hgprea = 70.5 + 36.1*PC1 + 28.9*PC2 + 13.1*PC4 (1)

The model is rather accurate with a root mean-square error
(RMSE) of 18 ug kg™ for the whole group of samples as it can
be seen in Figure 2 in which we represented observed Hgr
values (blue circles) against predicted Hg (Hgpreq, red
triangles). When focussing on how the principal soil
components: PCl (organic matter and low stability Al-
hummus complexes), PC2 (reactive Al-Fe complexes and
medium-high Al-hummus complexes), and PC4 (crystalline
Fe compounds and pH,,) influence the depth Hg distribution
of the studied soils (Figure 3), differences among the
polycyclic soil horizons were observed. The main soil
characteristics implied in the Hgr distribution observed in
A horizons are soil organic matter and low-stability Al-
hummus complexes (PC1). In this sense, mercury is widely
recognized to show a high affinity for the reduced sulphur
groups of the organic matter (Khwaja et al., 2006; Skyllberg
et al., 2006).

In the case of the FL soil, there is a clear effect of the PC2 (Al
and Fe compounds), from the 2A horizon (50-60 cm) up to the
3C horizon in which, due to the low Hg values, no component
showed influence. In the MF profile, of podzolic features, Al
and Fe compounds, especially Al (Fe)-hummus complexes,
showed the highest weights in Hg prediction. However, in the
3C horizon the crystalline Fe forms were the most important
components in the estimation of the Hg content.

In the RV soil, the Hg content in the B and 2A horizons is
mostly influenced by Al and Fe complexes (PC2) but also
crystalline Fe (PC4) to a lesser extent. In this sense,
secondary Fe minerals are recognized to promote Hg
accumulation instead of organic compounds in those soil
layers deeper than 1m, as it was suggested by Richardson
et al. (2018).

CONCLUSION

The results of this work indicated a noticeable contribution of
the Hg deposition from the atmosphere to the Hg
concentrations found in the soils studied instead of the
lithological source. This fact is supported by the highest Hg
values in surface horizons that diminished with depth and
peaks in illuvial horizons which were, in all cases, considerably
higher than the Hg concentrations of the parent material
samples. The Hg depth distribution of the three soils
studied was determined by the presence of soil components
such as organic matter and Al and Fe complexes. Despite the
fact that the maximum Hg contents were observed in O and A
horizons, the highest Hg pools appeared in the deepest soil
layers (>40-50 cm), representing about 50%-65% of all the Hg
stored in those soil profiles. For this reason, subsurface soil
horizons should be systematically evaluated in works about Hg
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distribution in soils, since they could contribute substantially
to the total Hg accumulated in soils worldwide. In addition, the
biogeochemical stability of Hg accumulated in deep soil layers
prevents its mobility to other components of terrestrial
ecosystems, leaving aside toxicity risks to wildlife and
human health as well as a decline in the quality of
groundwater and surface waters.
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