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(water pH < 5.0), organic matter rich in O horizons (239-444 g kg~ ') and non-crystalline compounds dominate
Al and Fe distribution. The total Hg (Hgr) values ranged between 12 and 375 ng g~ ! and diminished with soil
depth although the secondary peaks of the Hgt were observed in illuvial (Bhs or Bs) or buried A horizons. The
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I;ﬁm;f;ctic forest soils total Hg was significantly correlated to the total contents of C, Nand S (r > 0.71) and to the contents of the
Mercury non-crystalline Al and Fe compounds (0.44-0.71), whereas the Hg/C ratio increases with soil depth up to values
Podzolization of 11.3 ug Hg g~ ' C. Exogenic Hg, i.e. Hg deposited from the atmosphere (Hggyo), constitutes over 87% of the Hgr
Polycyclism in the O and A horizons, whilst lithogenic Hg (Hg;;) is 36% of the average Hgr.

Non-crystalline Al and Fe compounds Podzolization seems to control the distribution of the Hgy in the mid-slope and upslope soils (P480, P590, P630),

as suggested by the Hgr peaks in the Bhs or Bs horizons, where illuviated organic matter and non-crystalline Al
and Fe compounds favour Hg retention. In the downslope soils (P340 and P220), both podzolization and
polycyclism (that result in soils formed by two or more different and contrasting processes derived from a sub-
stantial change in soil formations factors, that lead to the accumulation of features over their lifetime), seem to
influence the Hgr depth pattern in light of the high values observed in the A and Bhs horizons of the buried
soils. The significant correlation between the Hg/C and C,,/C ratios strengthens the efficiency of humified organic
matter to complex Hg, whereas the peaks of the Hg/C ratio in the Bhs and Bs horizons also indicate that Al and Fe
compounds are also involved in Hg retention.
Polycyclic events, i.e. those contrasting soil processes that lead to different chemical and morphological signatures
within the soil profile, could justify high Hgy; values in the deeper horizons of the downslope soils, whilst the peaks
of Hggxo in the Bhs or Bs horizons could be considered to be a consequence of Hg mobilization and the subsequent
retention by Al and Fe compounds during podzolization which is supported by the significant correlations of these
soil compounds with Hgg,.
Environmentally, illuvial horizons and buried A horizons could act as a safety mechanism delaying the arrival of
Hg to stream waters.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: CCT, Cerro Castor toposequence; Aled, Feeq, MNed, Cleg, ZNeg, Al, Fe, Mn, . Mercury is considered t.O be a glObal pOHUtant' be(;ause it can be
Cu and Zn extracted with Nay-EDTA + NH,OAC; Al,, Fe,, Al and Fe extracted with ~ dispersed and transported in the atmosphere worldwide (Schroeder
Na-pyrophosphate; Al,, Fe,, Al and Fe extracted with ammonium oxalate-oxalic acid; and Munthe, 1998). Mercury reaches soil surface predominantly through
Alp, Al extracted with Na-hydroxide; Feq, Fe extracted with Na-dithionite-citrate; Cp, wet and dry deposition and litterfall (Munthe et al. 1995 St. Louis et al
Na-pyrophosphate extractable C; Hgr, total : Heye, lith ic Hg; Hgyor i . . T . "
a_pymp 0sphate extractable &, Hgr, total mercury; Hewi, lIhOgenic He; Heexo, EXOgENIC 2001). Thus, soils can accumulate up to 75% of the Hg present in the
Hg; Hgrges, areal mass of total Hg stored in soil horizons. X X
* Corresponding author. Tel.: -+34 988 387070; fax: +34 988 387001. biosphere (Mason and Sheu, 2002), mostly as a result of the affinity of
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1991; Skyllberg et al., 2006). Soils are not exclusively a sink of Hg, as
volatilization of Hg® from soil surface and exports of ionic Hg to surface
waters by leaching have been recognized (Gustin et al., 2006).

The presence of Hg species in surface waters is of particular concern
for human health and wildlife (Clarkson and Magos, 2006). As a conse-
quence, the biogeochemical behaviour of Hg in soils was intensively
studied during the last few decades, primarily in the surroundings of
anthropogenic Hg sources (Glodek and Pacyna, 2009; Rothenberg
et al., 2010). In contrast, the fate of Hg in soils with low or natural back-
ground concentrations (<100 ng g~ ') is still limited, despite their nota-
ble influence on the global Hg cycle due to the large areas they cover
(Gustin et al., 2008). Moreover, even pristine soils exhibit total Hg
contents of up to 500 ng g~ ! (Grimaldi et al., 2008; Guedron et al.,
2006), exceeding the threshold value of 130 ng g~ ! established as the
critical load for Hg in soils (Tipping et al., 2010). Thus, it becomes neces-
sary to study the geochemical behaviour of Hg in non-polluted soils,
because the relationship between soil processes and their components
with Hg could be useful to deal with environmental consequences
under scenarios of high Hg deposition.

Studies on the fate of Hg in terrestrial ecosystems have been mostly
performed in forested areas from the boreal and temperate zones of the
northern hemisphere, where the total Hg distribution in soils is charac-
terized by its accumulation in the uppermost soil horizons which is
associated to organic matter (Demers et al., 2007; Meili, 1991), whilst
the deeper soil layers are often Hg enriched as a consequence of its
transport as metal-humus complexes during podzolization (Alriksson,
2001; Johansson et al., 1991; Schwesig and Matzner, 2000).

Abnormally high values of the total Hg in pristine soils were reported
in both tropical and equatorial zones (De Oliveira et al., 2001), although
Hg was also mobilized due to land use changes and artisanal gold mining
(Roulet et al., 1998). The mercury distribution in the surface horizons of
tropical and equatorial soils depends on atmospheric deposition
(Guedron et al., 2006), whereas in the deeper soil layers Hg is con-
trolled by carrier phases such as organic matter, clay, and Fe and Al
oxyhydroxides, which are closely related to pedogenetic processes
(Do Valle et al., 2005; Fiorentino et al., 2011; Grimaldi et al., 2008;
Guedron et al., 2009; Roulet et al., 1998).

Little is known about the behaviour of Hg in non-polluted forest soils
at the high latitudes of the southern hemisphere, in spite of the fact that
the global distillation effect could favour the transport of atmospheric
Hg towards these latitudes as it occurs in the northern hemisphere.
The existing studies describe a soil Hg distribution closely associated
with organic matter (Hermanns and Biester, 2011) or with organic
matter/water circulation system (Bargagli et al., 2007), whereas Hg
contamination could have occurred during gold exploitation in the
soils of the northeast areas of Tierra del Fuego (Bascopé, 2010).

In the forested areas of Tierra del Fuego (southernmost South
America), the lowlands are primarily covered by peatlands, whose role
as a source of methyl-Hg to surface waters is well known (Mitchell
et al., 2008). These sources of Hg highlight the need to study the geo-
chemical fate of Hg in a toposequence of the non-polluted upland soils
of sub-Antarctic deciduous forests from Tierra del Fuego. To accomplish
such a study, the total Hg content and the background values were quan-
tified in a soil toposequence to: 1) explain its distribution with soil depth
as a function of the main pedogenetic processes in the toposequence and
2) determine the role of soil components in Hg retention. Finally, for a
better understanding of Hg the behaviour in the studied upland soils,
Hg originating from lithological and atmospheric sources was discrimi-
nated using Ti as a conservative element.

2. Material and methods
2.1. Study area and soil sampling

The study area is located in the Isla Grande de Tierra del Fuego at the
southernmost tip of South America (53-55° S and 66-74° W Fig. 1). The

landscape is dominated by the Fuegian Andes (<1500 m a.s.l.) and it is
characterized by very steep slopes and large glacial valleys that are
covered by peatlands. The climate is cold-temperate (mean annual tem-
perature in the range of 5-6 °C and 550 mm/year of rainfall), and the
vegetation consists of sub-Antarctic deciduous forests primarily com-
posed of lenga beech (Nothofagus pumilio Poepp. & Endl). Sedimentary
rocks (mudstones and lutites), schists rich in quartz veins, phyllites
and slates are the main lithological material of the area (Olivero and
Martinioni, 2001), which are frequently covered by fine-matrix till
deposits, whose formation was due to an intense glacial activity. Soils
are shallow, with thick organic horizons and evidence of podzolization,
with leptosols, umbrisols, cambisols and podzols being the most
frequent soil types in the mountain slopes, whereas histosols cover
the valley bottoms and the footslopes (Godagnone and Irisarri, 1990).

The study site is a toposequence of lenga beech forest soils located at
the south-facing slope of the Cerro Castor (54°43’ S, 68°00’ W) near the
city of Ushuaia (Fig. 1). The Cerro Castor toposequence (hereinafter de-
noted as CCT) has slopes that range from 10% to 27%, and five sites were
selected and named as P630, P590, P480, P340 and P220 according to
their altitudes in metres above sea level. In each site, a 1.5-m long trench
was dug with a shovel down to the parent material. Samples from the
identified soil horizons were collected using a garden-trowel and im-
mediately double-bagged in plastic bags, stored at 4 °C and transported
to the laboratory. Thick soil horizons were split into several soil samples,
whilst maintaining the depth sequence. A sample of the parent material
of each soil was also collected for the characterization of its geochemical
background.

The upslope and mid-slope soils (P630, P590 and P480) exhibit a
similar morphology, being shallow (C horizon occurs at 26 cm depth),
developed from glacial till, with a sequence of horizons beginning
with a carbon rich organic horizon followed by a whitish E horizon
and a reddish Bs or Bhs horizon, whereas the C horizons exhibit some
signs of temporal reducing conditions. The downslope soils (P340 and
P220) are thicker, with less perceptible whitish or reddish horizon
and evidence of colluviums and buried soils; the oldest soil cycle was
developed from schists.

2.2. Soil analysis

The chemical characterization of the soils was performed on the air-
dried fine earth fraction (<2 mm). The particle-size distribution,
distinguishing between sand (0.05-2 mm), silt (0.02-0.05 mm) and
clay (<0.002 mm) fractions, was determined by the internationally-
recognized pipette method. The soil pH in water (pH,y) and 0.1 M KCl
(pHg) solutions were measured at a soil/solution ratio of 1:2.5. The total
contents of carbon, nitrogen and sulphur were determined by elemental
analyzers using finely-milled soil samples. The cation exchange capacity
at the soil pH (eCEC) was estimated as the sum of the base cations
(K, Na, Ca, Mg) in 1 M NH4Cl (Peech et al., 1947) and the Al extracted
with 1 M KCI (Bertsch and Bloom, 1996). The available metals
(Aleg, Feed, Mneg, Cueq and Zneq) were determined after extraction
with 0.02 M Na,-EDTA + 0.5 M NH40Ac solution buffered at pH 4.65
(Lakenen and Ervio, 1971).

The aluminium and Fe distribution in the solid phase of the soil was
determined following the procedures used by Garcia-Rodeja et al.
(2007). Briefly, a 0.1 M Na-pyrophosphate solution was used to esti-
mate the total content of metal (Al, Fe)-humus complexes (Aly, Fep,),
whereas 0.2 M ammonium oxalate-oxalic acid buffered at pH 3
dissolves, in addition to organically-bound Al and Fe, inorganic non-
crystalline hydrous oxides of both metals (Al,, Fe,). The amount of
carbon solubilised in the Na-pyrophosphate (C,) extracts was also de-
termined for the mineral soil horizons. A 0.5 M NaOH solution was
used to estimate the total free Al pool (Al,), including Al from gibbsite
and poorly ordered 1:1 phyllosilicates. Sodium-dithionite-citrate was
used to assess the total free Fe (Feq), which includes non-crystalline Fe
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(organic and poorly ordered inorganic Fe) and Fe dissolved from crys-
talline oxy-hydroxides.

The metal concentration in all extracts was analyzed by flame atomic
absorption (or emission) spectroscopy.

2.3. Total mercury analysis

The total mercury (Hgr) concentrations in finely milled soil samples
were determined by atomic absorption spectroscopy after thermal
combustion using a Nippon Model MA-2000 total Hg analyzer. The
analyzer was calibrated using 0.01 mg L™ ! and 0.1 mg L™ ' of Hg stock
solutions made from 1000 mg L™ ! HgCl, standard in 0.001% L-cysteine.
The analyzer has a detection limit of 0.002 ng and a working range of
0.002-1000 ng, both expressed as the absolute amount of Hg. The soil
mass used for Hg analysis ranged from 50 to 200 mg.

All soil and parent material samples were analyzed in duplicates,
and the analyses were repeated when the coefficient of variation
exceeded 10%. Standard reference materials of the National Institute of
Standards and Technology (NIST-1547, peach leaves, 31 + 7 ng g™ !
Hg), the National Research Council Canada (NRC MESS-3, estuarine
sediment, 91 + 9 ng g~ ' Hg) and a reference material approved by
China National Analysis Center for Iron and Steel (NCS DC73323, soil,
290 + 30 ng g~ ' Hg) were measured at the beginning of each analytical
run and repeated every ten samples. When the deviation of the Hg
values of the standard materials was higher than 5%, the Hg-analyzer
was recalibrated, and the soil samples analyzed since the last satisfactory
values of standards were re-analyzed. All the mercury values are
expressed as the oven-dry weight (105 °C).

The areal mass of total Hg, i. e. the soil reservoir of Hgr (Hgrges), is the
sum of the Hgr accumulated in the corresponding soil layers, which is
calculated using the thickness of the horizon, its bulk density and Hgr
concentration as it is shown in Eq. (1).

Hgrges = BD + Hgy + P (M

where Hgre is the reservoir of total Hg in a soil horizon (in mg Hgr m™2),
whereas BD, Hgr and P are the soil bulk density (in Mg m~3), the total Hg
(in mg Hg Mg~ soil) and the soil depth (in m) for each soil horizon,
respectively.

2.4. Calculation of lithogenic and exogenic Hg in the soil profiles

Mercury derived from the weathering of the soil parent material,
lithogenic Hg (Hgy;¢), can be discriminated from those deposited from
the atmosphere, exogenic Hg (Hgexo), following the approach used by
Hissler and Probst (2006) and Guedron et al. (2006). In this approach,
Hgi: was estimated through Eq. (2) after normalising the total Hg
values to the concentrations of a conservative element that is not signif-
icantly influenced by atmospheric sources, such as Ti, which was deter-
mined by X-ray fluorescence in finely milled soil and parent material
samples.

[Hgyie = [K], + ([Hglq/[Kla) 2)

where k is the reference element (i.e. Ti), the subscript u refers to each
soil horizon and the subscript d refers to the soil parent material. The
brackets indicate mean concentrations in g kg~ ! (for Ti) and ug kg ™!
(for Hg).

Exogenic Hg (Hggxo), Which includes all Hg contributions except
those from lithological sources, is estimated by subtracting Hgy;; from
the total Hg (Eq. (3)).

(Hggxo] = [Her]-[Heyi 3)

where Hgr is the total Hg content in each soil horizon. The square
brackets indicate concentrations in pg kg~ '.

2.5. Statistical analysis

Because most geochemical data are not normally distributed,
Spearman's rho correlations (Elliot and Woodward, 2007) were applied
to relate the total, lithogenic and exogenic Hg contents with the com-
mon soil characteristics. Moreover, a non parametric Kruskal-Wallis
test (Elliot and Woodward, 2007) was used to assess the heterogeneity
of the Hgr pattern with soil depth by grouping their values based on the
type of horizon. The results were considered significant at a probability
level of P = 0.05. All statistical analyses were performed using the Sta-
tistical Package for the Social Sciences (SPSS 17.0, SPSS Inc. Chicago, IL).

3. Results
3.1. General characteristics of soils

In general terms, the soils from the CCT are mainly podzols and
podzolic soils, with a particle size distribution primarily dominated by
the sand fraction (range 30-77%, Fig. 2). The soil textures are loam to
sandy-loam in the soils P480, P590 and P630, and finer (silty-loam,
clay-loam or sandy clay) in the soils P220 and P340. The chemical charac-
teristics of the CCT soils are listed in Table 1 (more details are available in
supplementary Table S1).

The uppermost horizons of the upslope and mid-slope soils of the
CCT (P480, P590 and P630) are strongly acidic (pH,y > 4.2), increasing
with depth up to values around 5.0 in C horizons (Table 1). The soils
P220 and P340 are considerably less acidic and pH,, values are always
above 5.5. Eluvial horizons (E) exhibited the lowest pH values in saline
solution (pHy < 3.2), whereas ApH (i.e., pHy,— pHy) indicates a notable
presence of exchangeable Al in the strongly acidic soils.

Because these soil pH values exclude the presence of carbonates in
the soils of the CCT, the total C is entirely organic in nature, and it
decreases with soil depth, from values greater than 238 g kg™ ! in the
0 horizons to those lower than 15.8 g kg~ ! in the deeper soil layers,
although all soils of the CCT exhibited subsurface peaks of organic C
(Table 1). The total N and S exhibited a similar trend to that of organ-
ic C, being higher in organic (>11 and 2 g kg~ !, respectively) than in
mineral horizons (ranges 0.8-3.6 g kg™ ' for Nand 0.2-0.6 gkg~ ! for S).
The effective cation exchange capacity (eCEC) exceeds 25 cmol. kg~ ! in
the organic horizons, in which Ca is the dominant exchangeable cation
(Table 1). In the CCT soils, the eCEC decreases with depth to less than
10 cmol, kg~ ! in the deeper horizons, which also exhibit high Al satura-
tion (>80%), especially in the upslope and mid-slope soils.

The non-crystalline compounds dominate the distribution of Al and
Fe in the soil solid phase, with the mean values of Al,/Al, and Fe,/Feq ra-
tios being 1.1 and 0.6, respectively. Organically-bound Al and Fe are
prevalent in the Bhs horizons of the upslope and mid-slope soils,
whose ranges are 3.6-10.0 and 7.5-18.9 g kg™ !, respectively
(Table 1). Organically-complexed Fe (Fep) also dominated the Fe distri-
bution in the downslope soils (P220 and P340). Inorganic non-
crystalline Al (i.e., Al,—Al,) only appeared in significant amounts in
soil P340, whereas the equivalent Fe compounds (Fe,— Fe) prevailed
over the Fe-humus complexes in the O and C horizons. The lowest
values of non-crystalline Al or Fe compound are found in the E horizons
of soils P480, P590 and P630 (Table 1).

The lower values of Ti are found in the organic horizons of all soils,
and the Ti levels do not show significant changes with soil depth except
in the soil P220. In the soil parent material, the Ti values range from
1.9 g kg~ ! in the downslope soils (developed from schists) to approxi-
mately 5.0 g kg™ " in the mid-slope and upslope soils derived from glacial
till.

3.2. Total mercury content and distribution in soil profiles

The total Hg (Hgr) values in the soils of the CCT ranged from 12 to
375ng g~ !, decreasing gradually with depth from the organic horizons
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Table 1
Chemical characteristics of the soil profiles sampled in the Cerro Castor toposequence.

Soil Hor Depth n®  pH," pHY C N S SB* eCECC  sAl Al Ald Ald Fe,! Fe,! Feqd  Ti
cm gkg ™! cmol kg ™! % gkg™!

P-220 (0] 0-8 2 54 5.1 238.5 113 1.5 40.9 413 04 15 20 13 58 93 13.2 74
AE 8-15 1 57 49 282 2.1 0.4 12.2 12.5 10 23 38 2.8 103 17.4 254 138
B 15-25 2 55 4.1 18.6 1.1 0.3 5.8 9.2 14.8 29 40 4.0 115 17.5 249 176
2A 25-35 2 5.6 42 17.0 0.8 0.3 35 59 17.3 42 6.0 6.1 11.8 16.1 23.8 181
2BA 35-70 4 57 43 76 <08 0.2 16 23 323 24 32 35 4.2 5.6 12.2 15.5
3C 70-130 3 55 4.6 30 <08 0.2 0.5 038 36.6 1.2 29 3.0 0.5 28 95 9.6

P-340 (] 0-5 1 52 48 264.6 10.6 14 382 38.6 0.1 0.7 1.0 0.7 19 30 5.0 43
AE 5-13 1 46 36 32.6 19 0.3 12 94 420 28 44 4.8 93 142 214 8.8
Bhs 13-25 2 49 39 36.2 1.6 0.3 0.6 72 414 7.7 99 10.2 129 19.2 236 9.7
2A 25-35 2 54 45 32.6 1.6 0.3 21 3.1 324 8.8 12.1 12.0 235 393 48.2 10.0
3AE 35-45 2 6.0 54 334 2.1 0.5 85 8.6 09 74 129 111 17.7 38.7 48.2 83
3Bhs 45-55 2 6.2 58 423 33 0.9 9.7 9.7 <0.1 9.0 18.7 13.9 10.7 219 30.2 84
4A 55-60 1 6.1 58 44.8 3.6 0.9 9.0 9.0 <0.1 10.0 20.0 16.5 10.2 18.8 26.3 8.2
4AB 60-65 1 6.3 5.7 34.8 28 0.7 83 83 <0.1 7.7 16.0 15.1 7.8 15.0 212 9.1
4Bw 65-70 1 6.4 58 20.3 1.6 0.5 6.2 6.2 <0.1 45 10.6 7.9 4.6 7.6 12.0 9.7
4Cg 70-90 2 6.4 58 79 <0.8 03 3.1 3.1 <0.1 2.0 37 4.4 1.8 24 52 85

P-480 (0] 0-5 1 39 34 3953 12.2 2.6 242 30.6 1.9 1.1 13 1.1 0.9 19 2.7 23
E 5-12 1 4.1 32 13.0 0.8 0.2 0.5 89 38.8 09 1.7 11 1.0 1.6 33 6.0
Bhs 12-19 1 4.6 4.0 254 13 03 05 5.6 413 36 6.9 4.6 18.9 434 48.0 10.9
BC 19-26 1 4.6 4.1 17.7 09 0.2 03 13 77.1 2.8 39 4.5 9.7 15.9 30.8 78
C >26 1 46 4.1 15.8 0.8 0.3 03 16 80.2 29 35 4.4 9.1 15.0 284 73

P-590 (0] 0-6 1 4.0 32 375.9 133 23 16.0 25.1 6.7 2.0 26 24 0.9 25 4.1 27
E 6-10 1 4.1 29 354 1.8 0.2 0.7 9.6 38.5 1.1 14 14 1.2 22 54 7.7
Bhs 10-16 1 46 35 45.2 25 04 03 8.1 38.7 4.0 47 5.1 11.7 21.1 26.7 8.2
Bs 16-21 1 4.6 40 19.8 09 0.2 0.1 6.3 322 39 45 52 9.8 12.0 212 79
BC 21-26 1 48 43 76 <08 0.1 0.1 1.2 88.9 23 3.1 3.7 1.9 53 17.4 6.6
Cg >26 1 49 44 7.7 <0.8 0.1 0.1 0.6 874 24 4.1 4.6 13 52 16.8 6.3

P-630 (0] 0-4 1 42 38 4439 143 2.8 338 43.6 03 0.1 04 0.2 0.1 05 0.7 1.0
E 4-8 1 40 3.0 46.2 25 0.2 13 14.9 34.0 1.2 19 14 1.5 25 33 6.2
Bhs 8-16 1 4.5 38 44.6 2.1 0.3 03 8.7 442 58 73 6.5 14.6 23.1 247 7.7
Bs 16-21 1 48 4.1 29.0 13 0.3 02 6.9 29.2 5.6 8.6 8.4 75 114 15.8 6.6
BC 21-26 1 5.0 43 18.6 0.8 0.3 0.2 12 82.3 48 7.0 58 3.2 6.0 10.5 7.0
Cg >26 1 5.1 4.6 9.6 <038 0.1 0.1 0.7 82.3 37 6.5 6.7 13 43 114 6.9

¢ nis the number of soil samples per horizon. Mean values are showed when n > 2.

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

‘d SB, eCEC and sAl are sum of base cations (Na, K, Ca, Mg), effective cation exchange capacity and Al saturation in cation exchange complex, respectively.

dithionite-citrate (d), respectively.

to the C horizons (Fig. 3). This Hgr pattern with soil depth is disrupted by
the presence of subsurface peaks, which achieve values of 90-100 ng g~
in the soils P220, P480, P590 and P630, and exceed 350 ng g~ ! in the soil
P340. The total Hg in the bleached E horizons of the mid-slope and up-
slope soils (21-33 ng g~ !) is similar to those in the C horizons, whereas
the background values of the Hgr (measured in the soil parent material)
varied from 2 to 12 ng g~ . The values of the Hgy according to the soil
horizon type, see supplementary Table S2, were statistically different, as
confirmed by the Kruskal-Wallis test (y> = 30.372, P = 0.000), in-
dicating that soil horizonation could influence the Hgy distribution
in the studied soils.

In the CCT soils, the Hgr was highly correlated to the parameters
related to the soil organic matter (total contents of C, N, and S) as well
as to the Na-pyrophosphate extractable C (Cp). The sum of the ex-
changeable base cations (SB) and the eCEC was also well correlated
with the Hgr (Table 2). Moderate correlations were observed between
the Hgy and both the available metals (Cueg and Zney) and the parameters
related to the Al and Fe distribution (Fe,/Feq, Al,, or Fep), whereas clay
was the only particle size fraction linked to the Hgr, although the correla-
tion was relatively weak (Table 2).

The areal mass of the Hgr accumulated in the uppermost 20 ¢cm of
the soils of the CCT (Hgrgres) ranged from 8.8 to 13.8 mg Hg m™—2,
being mostly stored (>70%) in the mineral layers that occur at that
soil depth. Soil P220 deviated from this trend, as 60% of the Hgrges
was accumulated in the O horizon. Unexpectedly, no significant correla-
tion was found between the Hgrres and the stored organic C, although
the Hgrgres was highly correlated with C,, (r = 0.814, P = 0.000), the

Al (Fep), Al (Fe,), Al and Feq: Al (Fe) extracted with Na-pyrophosphate (p), ammonium oxalate-oxalic acid (o), Al extracted with Na hydroxide (n) and Fe extracted with Na-

total S (r = 0.651, P = 0.000), the Al-humus complexes (r = 0.820,
P = 0.000) and non-crystalline Fe (r = 0.833, P = 0.000).

The values of the Hg/C ratio in the soils of the CCT varied from 1 to
11.3 ug Hg ¢! C, increasing steadily with depth. In the upslope and
mid-slope soils of the CCT, the subsurface peaks of the Hg/C ratio
agree approximately with the Bhs and Bs horizons (supplementary
Figure S1). For all the soil samples, the Hg/C ratios correlate significantly
with pH,, (r = 0.562, P = 0.000), the inorganic non-crystalline Al
compounds (r = 0.625, P = 0.000) and the crystalline Fe compounds
(r = 0.526, P = 0.000).

3.3. Lithogenic and exogenic Hg in the soil profiles

Estimates of the lithogenic Hg (Hgy;;) in the CCT soils range from 0.8
to 16.9 ng g~ !, with the lowest mean values present in the O horizons
(approximately 2.5% Hgr) and the highest values in the different types
of B horizons, where Hgy;; is 36% of the Hgr on average (Fig. 4; supple-
mentary Tables S3 and S4). Lithogenic Hg tends to increase with
depth in the mid-slope and upslope soils (P480, P590 and P630), re-
maining rather uniform in soil P340 and showing variations in soil
P220, where the highest values of Hgy;; are found at depths between
15 cm and 60 cm. A Kruskal-Wallis test revealed that the type of soil
horizon is a statistical significant factor for the values of Hg;; and the
percentage of Hgy;; relative to the total Hg (%Hgui) (¥? = 15.369,
P = 0.009; y*> = 25.724, P = 0.000, respectively).

Lithogenic Hg is negatively correlated to the total organic C
(r = —0.416, P = 0.004), the total S (r = —0.467, P = 0.001),
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Fig. 3. Depth patterns of the total Hg (Hgr) in the Cerro Castor toposequence soils.
and the available metals (Cueq, 1 = —0.563, P = 0.000; Zneg, the correlation coefficients are above 0.800. Note the significant nega-

r = —0.621, P = 0.000). Similarly, %#Hg,;; also correlates negatively
with the same parameters that are negatively correlated to Hgy;; but

Table 2
Correlation coefficients (r) between the Hgr and the soil properties of the Cerro Castor
toposequence.

Hgr C N S G SB eCEC

r 0821 0.710™* 0.791"* 0.754"* 0.557"* 0.609"*
(46) (33) (46) (46) (46) (46)
Cleq ZNeq Feo/Feq Al Fe, Clay
0.715™ 0774 0.715™ 0.439™ 0444™ 0.423"
(46) (46) (46) (46) (46) (28)

The number of soil samples is in parenthesis.
** p<001.
* p<005.

tive correlation between %Hg;;; and Hgr (r = —0.894, P = 0.000).

Exogenic Hg (Hggyo) exhibits a wide range of values (3-369 ng g~ ;
supplementary Table S3), with the highest ones occurring in the down-
slope soils (P220 and P340). The Hggx, pattern with soil depth is similar
to the Hgr pattern, decreasing steadily from the O and A horizons (130
and 145 ng g~ ! as average, respectively) to the B and C horizons,
where Hgg,, hardly exceeds 23 ng g~ ! (supplementary Table S4). As a
percentage of the Hgr, Hggxo in the O and A horizons' average is above
87%, whereas for the B and C horizons, this percentage is reduced
to 64% (Fig. 4). Subsurface peaks of Hggy, occur in the studied soils:
the soil P340 was an outlier, with values above 300 ng g ! (i.e., >98%
of Hgr).

Exogenic Hg correlates significantly with the same soil parame-
ters that are correlated with the Hgr, for example with the total
organic C, N and S (r = 0.820, P = 0.000; r = 0.728, P = 0.000;
r = 0.806, P = 0.000, respectively) and the available metals
(Cueqg, 1 = 0.752, P = 0.000; Zneq, r = 0.802, P = 0.000). Other
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Fig. 4. Mean values (filled bars) and standard deviations (error bars) of the contribution of
the lithogenic and exogenic Hg to the total Hg (Hgr) for different soil horizons.

significant correlations for Hggy, were obtained for ratios that indicate
the degree of predominance of non-crystalline forms of Al (Aly/Aly,
r = 0.489, P = 0.001) and Fe (Fe,/Feq, r = 0.718, P = 0.000) in the
studied soils.

4. Discussion

The soil morphology and the chemical characteristics indicate that
podzolization is the dominant process in the mid-slope and up-slope soils
(P480, P590 and P630) of the CCT, as indicated by the impoverishment of
organic matter and Al and Fe compounds in the bleached horizons (E hori-
zons) and their accumulation in the illuvial (Bh, Bhs) horizons (Table 1).
Different studies previously reported the presence of podzolic soils in the
forested slopes of the Fuegian Andes (Colmet-Daage et al, 1991;
Godagnone and Irisarri, 1990), which was attributed to a high degree of

relative humidity and the production of organic acids in the O horizons
(Etchevehere and Miaczynski, 1963).

In the downslope soils of the CCT, the changes in the morphological
features and in the content of organic matter and the Al and Fe
compounds (Table 1) seem to be the imprint of the processes of
polycyclism. The occurrence of buried soils in the downslope section
of the CCT results from the accumulation of colluvial material that was
probably mobilized from the upslopes, a process related to the
toposequence concept (Sommer and Schlichting, 1997).

The levels of the total Hg (Hgr) in the CCT soils (12-375ng g~ !) are
in the order of those reported for pristine or quasi-pristine forest soils
(Table 3), being consistent with the absence of anthropogenic Hg
point sources in the surroundings of the study area. Moreover, in most
of the soil horizons analyzed, the Hgr values are below 100 ng g~ !,
which is considered to be the natural background in soils (Xin and
Gustin, 2007).

The high values of the Hgy in the O horizons of the CCT soils (>94 ng
g~ 1) can result from the atmospheric deposition and litterfall, being
subsequently accumulated in the organic C rich soil layers. This mecha-
nism is supported by the correlations between the Hgr and the total
content of C, N and S (Table 2), as well as with the Cu and Zn extracted
with Na,-EDTA. It is reported that this reagent, Na,-EDTA, extracts in
podzols a fraction of metals associated to dissolved organic matter
(Schliiter, 1997). Moreover, litterfall is recognized as a main transfer
path of atmospheric Hg to the soil (Juillerat et al., 2012) whereas the
thiol groups of soil organic matter are highly efficient in bonding to
Hg (Skyllberg et al., 2006). Low Hgr in the E horizons of the mid-slope
and upslope soils (<33 ng g~ !) is in agreement with its potential loss
by leaching due to podzolization (Johansson et al., 1991; Schuster,
1991), being favoured by the presence of dissolved organic matter
(Schliiter, 1997; Yao et al., 2011) and the low pH of the soil solution
(Yin et al., 1996). Both conditions are present in the E horizons of the
CCT soils and could contribute to the Hg impoverishment in these hori-
zons. Consistently, the spodic horizons of the mid-slope and upslope
soils of the CCT exhibited high contents of Hgr that coincide with an ac-
cumulation of Fe and Al compounds and humus (Fig. 3, Table 1). Signif-
icant correlations of the Hgr exist with the Fe,/Feq ratio and the metal

Table 3
Values of the total Hg (Hgr) in the upland forest soils from published studies.

Location Soil type® Soil horizon or depth Range or average Reference

(cm) (ngg ')
Brazil Ferralsols Argillaceous cover 173-373 De Oliveira et al. (2001)
Brazil Ferralsols 0-80 122-232 Do Valle et al. (2005)
Brazil Podzols E horizon <25

Bh horizon 203-764
Brazil Ferralsols 0-100 88-209 Roulet et al. (1998)
Brazil Ferralsols 0-620 5-53 Fiorentino et al. (2011)
Brazil Ferralsols 0-80 128-150 Almeida et al. (2005)
French Guiana Ferralsols, acrisols 0-300 9-500 Guedron et al. (2006)
French Guiana Ferralsols, acrisols 0-300 30-800 Grimaldi et al. (2008)
French Guiana Ferralsols, acrisols, gleysols 0-100/200 10-490 Guedron et al. (2009)
USA. Cambisols, acrisols, podzols, 0-40 7-385 Obrist et al. (2011)
USA Podzols O + Bh + Bs 60-134 Amirbahman et al. (2004)
USA. Acrisols, cambisols 0 21-304 Obrist et al. (2009)

n.s. 0-40 24-35

USA. Podzols, cambisols O+A 72-283 Juillerat et al. (2012)
Canada Histosols O+H 78-314 Mailman and Bodaly (2005)
Canada Chernozems 0-100 (averaged) 10-62 Dudas and Pawluk (1976)
Canada Luvisols 0-135 (averaged) 10-146
Germany Podzols 0-60 20-500 Schwesig et al. (1999)
Germany Podzols, cambisols 0-60/75 20-500 Schwesig and Matzner (2000)
Sweden Podzols O + A/E + Bhs + C 37-268 Larssen et al. (2008)
Sweden Podzols, regosols 0 320 Alriksson (2001)

B 43
France Podzols 0-80 16-399 Hissler and Probst (2006)
UK. ns. 0-15 115-389 Tipping et al. (2011)
China Cambisols, podzols 0-20 10-270 Fu et al. (2010)

@ According to FAO-WRBSR unless not specified (n.s.).
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(Al, Fe)-humus complexes (Alp, Fep,) in the CCT soils (Table 2), indicating
that these soil compounds are involved in the retention of the mobilized
Hg, thereby contributing to the Hg enrichment observed in the illuvial ho-
rizons of the CCT soils. Similar results were also reported in studies on the
fate of Hg in podzolic soils (Alriksson, 2001; Do Valle et al., 2005; Larssen
et al,, 2008; N6voa-Muiioz et al., 2008; Roulet et al., 1998; Schwesig and
Matzner, 2000). Deeper in the soil, the low values of Hgy in the C horizons
of the CCT are in agreement with its low content in the parent material, far
from the average of 40 ng g~ ! for the continental crust (Wedepohl, 1995).
In addition, the climatic conditions do not favour the transference of Hg to
the soil through mineral weathering, conversely to that reported for trop-
ical soils (De Oliveira et al., 2001; Roulet et al., 1998).

In the downslope soils of the CCT (P220 and P340), the subsurface
peaks of the Hgr are mostly associated with the buried A horizons
(Fig. 3), probably due to its exposure to atmospheric deposition when
they occupied the soil surface, as was recently considered by Obrist
et al. (2011) to justify the Hg enrichment in the uppermost horizons
of forest soils. This Hg accumulation in the buried A horizons can also re-
sult from the loss of C and N mass during organic matter mineralization
with a simultaneous conservation of the Hg mass (Demers et al., 2007;
Obrist et al., 2009). The downward transport of Hg due to podzolization
in present and buried soil cycles and the lateral component of the drain-
age flux could explain the exceptionally high values of Hgy in the buried
soil horizons compared to similar horizons in present soils (Fig. 3).

Pedogenetic processes seem to largely control the Hgr distribution
in the soils of the CCT, either mobilizing Hg due to the intrinsic pedoge-
netic process or through its interaction with the soil compounds that
originated during soil formation. Thus, the podzolization could be re-
sponsible for the Hg distribution in the mid-slope and upslope soils,
whereas for the downslope soils, an overlapping of podzolization and
polycyclism determines the Hgr pattern with depth. These processes
could explain the statistical significant differences in the Hgr as a func-
tion of soil horizons, a fact already mentioned for podzolic forest soils
(Amirbahman et al., 2004).

The Hgr stored (Hgrgres) in the uppermost 20 cm of the soils of the
CCT is comparable to the values reported in the literature (supplemen-
tary Table S5). In spite of the scatter in the data, the Hgges strongly de-
pends on the soil thickness and bulk density used for the estimation of
the stored Hgy (Grigal, 2003; Larssen et al., 2008). Thus, Tipping et al.
(2011) considered that the bulk density is primarily responsible for
the greater amount of Hg stored in the mineral horizons than in the
organic horizons, which is similar to that found in the CCT soils. The
predominance of the mineral horizons versus the organic horizons
as the main soil Hg reservoir is recurrently found in the literature
(Amirbahman et al., 2004; Juillerat et al., 2012; Névoa-Muiioz et al.,
2008; Obrist, 2012; Roulet et al., 1998; Schwesig and Matzner, 2000;
Schwesig et al., 1999).

As podzolization and polycyclic processes in the soils of CCT could be
responsible for the Hg enrichment of the buried A and Bhs horizons,
their contribution to the Hgrges Should not be neglected, or else the
soil Hg inventory could be underestimated. This suggestion is supported
by Schwesig et al. (1999), who considered that a proportion of the
Hgrres in the mineral soil could result from the downward Hg transport
during podzolization. The thickening of the O horizon in the lowest
altitude soil (P220), possibly a result of an increase of the annual
litterfall supply compared to the highest altitudes (Barrera et al.,
2000), could justify the greater contribution of this organic horizon to
the Hg storage calculated for this soil. This altitude dependence is con-
sistent with studies that consider Hg accumulation to occur mainly in
the surface soil horizons (Obrist, 2012; Obrist et al., 2009).

The lack of correlation between the Hgrges and the total C content in
the CCT soils could be attributed to the distinctive degree of humifica-
tion of the soil organic matter in the organic and mineral soil layers,
which influences the ability of organic matter to bind to Hg. The role
of humified organic matter in the preferential Hg storage in the upper-
most soil layers is consistent with the significant correlations between

the Hgrres and the Al-humus complexes, the total S, the Na-
pyrophosphate C (C,) and the non-crystalline Fe, as most of these soil
compounds require the presence of humified organic matter to occur.
However, other studies reported a close correlation between the total
C and Hgrges (Juillerat et al., 2012; Obrist et al., 2009).

The Hg/C ratio, considered a more suitable approach to asses Hg
distribution with soil depth (Obrist et al., 2011; Tipping et al.,, 2010), in-
dicates values for the CCT soils on the order of the ranges of 0.3-1.1 and
1.4-3.2 ug Hg g~ ' C reported for the O and A horizons, respectively, of
the forest soils in the Unites States and in Poland (Juillerat et al., 2012;
Obrist et al,, 2009, 2011). The trend of the Hg/C ratio with depth in the
CCT soils matches approximately with the C,/C ratio, which is considered
to be an estimate of the degree of soil organic matter humification (sup-
plementary Figure S1). The humified organic matter is known to be high-
ly efficient in retaining Hg (Amirbahman et al., 2004), as it promotes the
Hg mobilization through organically-complexed species (Akerblom
et al., 2008) and exhibits a lower loss of Hg than C during organic matter
decomposition (Grigal, 2003). Recently, the degree of organic matter
humification represented by the C/N ratio was also demonstrated to be
negatively correlated to the Hg/C ratio (Obrist et al., 2011). The peaks
of the Hg/C ratio in illuvial horizons (Bhs, Bs) of the CCT soils could be
attributed to the presence of non-crystalline Al or crystalline Fe com-
pounds, as was also suggested by Amirbahman et al. (2004).

Some controversy could arise from these estimates of lithogenic Hg
(Hgyir) and exogenic Hg (Hggyo), because Ti mobilization as organic
matter complexes was found in podzolic soils (Skjemstad et al., 1992),
but other studies considered that Ti is not subjected to downward
translocation in podzols (Berrow et al., 1978). However, estimates of
Hgyi and Hggy, are consistent with the expectations according to the
soil processes in the CCT and the potential Hg sources in the study
area. The values of lithogenic and exogenic Hg indicate that the atmo-
sphere is the main source of Hg to CCT soils (Fig. 4). The predominance
of Hggx, in the O and A horizons of the CCT soils, up to 87% of the Hgr, is
similar to the 75% reported for the upper metre of tropical soils
(Grimaldi et al., 2008); these observations are reasonable, because the
0 and A horizons are the first soil layers that interact with atmospheric
deposited Hg or receive Hg through litterfall. Moreover, soil organic
matter that occurs in these soil layers contributes to an efficient reten-
tion of the deposited Hg. This retention could justify the significant cor-
relations between Hggyo, and some parameters associated to the soil
organic matter, which is similar to the characteristics reported for the
uppermost layers of volcanic soils (Pefia-Rodriguez et al., 2012). The
comparison between podzolic soils and volcanic soils is due to they
share, in addition to organic matter, other variable charge compounds
such as Al (Fe)-humus complexes and poorly ordered Al and Fe
oxyhydroxide compounds (Parfitt, 1980) which are very active in
terms of Hg retention.

The lithogenic Hg values in the CCT soils (1-17 ng g~ !) are slightly
lower than the values of 30 ng g~ ! estimated for soils from France and
French Guiana (Guedron et al., 2006; Hissler and Probst, 2006). In the
deeper soil horizons (B and C), Hg;;; became more important, possibly
as a result of the influence of the soil parent material and a less probable
contribution of Hgg, (Fig. 4). This proposed that the influence of the soil
parent material is supported by the similarity of the values of Hgy;; in
these horizons and the Hgr values of the soil parent material, an explana-
tion already considered by Hissler and Probst (2006) in a similar case.

The high values of Hgy;; in the deeper horizons of P220 of up to 30%
of the Hgr (supplementary Table S3) could be attributed to the mineral
matter input that occurs during polycyclic events. The peaks of Hgg, in
the buried A horizons (P220 and P340) can be explained as a result of
the heritage of these horizons, when they were at the soil surface, or
due to the accumulation of the Hg mobilized downward. Regarding
the Hggxo peaks in the Bhs or Bs horizons (P340, P480, P590 and
P630), they probably result from Hg mobilization from the overlaying
horizons and the subsequent retention by Al and Fe compounds (i.e.,
podzolization). Significant correlations between Hggy,, and the ratios
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of the crystalline/non-crystalline compounds of Al and Fe (Al,/Al, and
Fe,/Feq) support this hypothesis, which is also consistent with the
findings that consider that the Hggy, depth pattern depends on the
transfer processes and the abundance of the soil compounds able to
retain Hg, such as organic matter or Al and Fe oxyhydroxides
(Grimaldi et al., 2008; Guedron et al., 2006, 2009).

5. Conclusions

The vertical distribution of the total Hg in the soils of the Cerro Castor
toposequence is consistent with the podzolization in the up-slope and
mid-slope soils (P480, P590 and P630) and with the polycyclic events
in the downslope soils (P220 and P340). Concurrently, the Hgy is closely
related to the soil organic matter (total C, N, S, C;,), the metal (Al, Fe)-
humus complexes and the non-crystalline Al and Fe compounds.

The degree of humification of the soil organic matter could be
responsible for the greater Hg storage ability exhibited by the mineral
horizons over that exhibited by the organic horizons in the upper
20 cm of the CCT soils. This hypothesis is supported by the close
correlations of the Hgrgres with the Al-humus complexes and the
Na-pyrophosphate extracted C (Cp). The subsurface peaks of the Hgr
in the illuvial (Bhs, Bs) and buried A horizons should not be neglected
when a comprehensive pool of the total Hg is estimated in the CCT
soils. Similar depth patterns of the Hg/C and C/C, ratios also resemble
the role of humified organic matter in the retention of Hg in the soil.

The use of Ti as reference element results in consistent estimates of
Hgexo and Hgy, in the CCT soils, with a predominance of Hggy, in the up-
permost soil layers, suggesting the domain of an atmospheric source and
an expected significance of Hg;;; in the deeper soil horizons (B and C). The
peaks of Hggy, in the illuvial Bhs and Bs horizons are probably due to Hg
mobilization during podzolization, whereas the high values of Hggy, in
the buried A horizons could represent a legacy effect due to its exposure
to atmospheric inputs in the past as well as a contribution of the lateral
component of the drainage flux which favours the mobilization of Hg
bound to organic matter.

The influence of pedogenetic processes in the Hg distribution in the
CCT soils should also be viewed from an environmental perspective. The
uppermost layers of the CCT soils serve as a fence that temporarily pre-
vents Hg mobilization, whereas the illuvial (Bs and Bhs) and buried A
horizons can act as a secondary safety mechanism, immobilizing Hg
favoured by the accumulation in the deep horizons of organic matter,
metal (Al, Fe)-humus complexes and Al and Fe oxyhydroxides that result
from the podzolization and polycyclism processes. Thus, the arrival of Hg
to stream waters is delayed, thereby diminishing the potential transfor-
mation of ionic Hg (mainly Hg?™) to highly toxic methyl mercury
(MeHg) in the lowland areas, which are mostly covered by peatlands.
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