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Abstract The protection of wetlands is essential for
sustainable development. The particular hydrology of
wetlands creates conditions for the formation of hydric
soils. Hydric soils are formed in oxide-reducing envi-
ronments and perform important removal and re-oxi-
dation of Fe and Mn oxides and hydroxides. They are
also characterized by the formation of a superficial
horizon enriched by the accumulation of organic mat-
ter. The objective of this study was to determine the
concentration of essential (Co, Cu, Fe, Mn, Ni, Zn)
and toxic (Al, Cd, Pb) elements in the soil solution in
a wetland, surrounded by an intense agricultural activ-
ity area. The concentrations of the elements were evalu-
ated according to the level of hydromorphy (border
to the center) and the depth of the soil. The physical
fractionation of these elements was also assessed (total
and <30 kDa), and the results were compared with the
chemical speciation of these elements. Despite the high
total concentrations of Al and Fe, the concentration of
these elements was very low in the <30 kDa fraction,
which suggests that these elements are complexed with
organic matter, in the form of hydroxides. Evidence of
removal of Fe and Mn from the surface horizon was
observed at the center of the wetland, where the highest
level of hydromorphy is found. The results showed that
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the concentration of metals in the fraction <30 kDa is
insignificant, suggesting that the mechanisms of precip-
itation and/or adsorption to soil colloids play an impor-
tant role in the regulation of this ecosystem.
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Introduction

Wetlands are terrestrial soil reservoirs of carbon and
water. Although providing a wide range of ecosystem
services of great social and economic values, wetland
degradation and loss are faster than those of other eco-
systems, especially in tropics and subtropics (Finlayson
et al., 2011). Wetlands cover 6% of Earth’s surface;
however, the biogeochemical dynamics are still poorly
understood. Insufficient information and data have a
direct impact on the quality and management of these
areas; therefore, it becomes difficult to stop wetland
degradation and losses (Junk et al., 2013). Worldwide,
land conversion to agriculture, eutrophication, and
pollution are major factors that can increase pollut-
ants inside humid areas (Chithra et al., 2015; Guo &
Yang, 2016). Fine-grained components of hydric soils,
as clay minerals and organic matter, play an important
role on heavy metal retention, preventing their release
to water due to environmental changes at the sedi-
ment—water interface (Xu et al., 2016).
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In the case of metals, potential contaminants of
soil and water due to their toxicity and persistence
in the environment, the main processes that regulate
the concentration and impact of these elements on
the biota are precipitation, adsorption, complexa-
tion, and leaching (Alloway, 1995). These elements
are naturally found as free hydrated ions, complexed
with inorganic ligands, bound to colloids, e.g., com-
plexed with organic matter or adsorbed to hydroxides,
adsorbed to particulate material, and assimilated by
the biomass (Xu et al., 2019). The total content of
metal represents a complex pool of fractions that, in
terms of their reactivity, are classified as inert, labile
or soluble, the last two being the ones that most pose
risks for contamination of water bodies or assimila-
tion by the biota (Mora & Harrison, 1983).

In wetlands, where soil layers are periodically satu-
rated (aquic conditions according to Soil Survey Staff,
2010), oxidation-reduction conditions are formed
with important removal and re-oxidation of Fe and
Mn oxides and hydroxides. The formation of a super-
ficial horizon enriched by the accumulation of organic
matter also occurs (Vepraskas & Lindbo, 2012). In
hydromorphic soils, biogeochemical cycling depends
on the amount of water that fills the soil pores, the
water permanence time, the nature of the formed
organic molecules, and the activity of the microorgan-
isms (Castellano et al., 2012). The capacity of the soil
to perform ion exchange, transport, and transformation
are equally affected by the amount of solute in the soil
(Hobbie et al., 2007). The chemical stress of soil is
reflected by the concentrations of trace elements pre-
sent in the interstitial water (Kabata-Pendias & Pen-
dias, 2001).

The Brazilian Cerrado natural landscape has been
rapidly changing to the monoculture of soybean, corn,
and sugarcane for the external market. The region
is considered to be the last biome to be reached by
the advance of agriculture frontier, characterized
by the farming based on fertilizers and pesticides.
The network of wetlands, developed in between
the uplands of the catchment, is surrounded by
intensive agriculture, becoming susceptible to receive
agrochemicals due to runoff or dissolved in water. This
is of serious concern because wetlands store rainwater
and slowly supply aquifers and rivers in the region
(Furlan et al., 2020). Additionally, wetland floods
according to seasonal rainfall represent hotspots for
conservation due to the occurrence of endemic fauna

@ Springer

and flora and the storage of organic carbon in the
hydric soil, which contributes to reducing atmospheric
gas emission (Mitsch et al., 2013). Despite its
ecological, hydrological, and biogeochemical
importance, there is a serious gap in monitoring water
and soil quality whereas the Brazilian Forest Code
threatens these ecosystems (Sousa et al., 2011). In the
country, the fast expansion of agricultural and mining
activities over the last decades caused severe metal
contamination of several aquatic ecosystems (Lucca
et al., 2018).

Thus, the objective of this study was to (a) deter-
mine the concentration of essential (Co, Cu, Fe, Mn,
Ni, Zn) and toxic (Al, Cd, Pb) elements in the soil solu-
tion from a wetland in Cerrado (Brazilian savanna) as a
function of the level of hydromorphy (border and center
of the wetland) and the depth of the soil, (b) perform
the physical fractionation of the elements and compare
the results with the chemical speciation of them, con-
sidering the concentrations of humic substances in the
area; and (c) evaluate the possibility of relating the data
obtained in this study to possible impacts from the sur-
rounding activities.

Material and methods
Study area

The studied wetland covers an area of 426,064.80
m? (19° 28’ 08" S, 47° 48’ 20" W) at 966 m of alti-
tude (Fig. 1). The humid area is located in the high
position of the sedimentary plateau, in the Upper
Rio Claro Basin (west of the state of Minas Gerais).
These waterlogged topographic depressions are not
channelized headwaters and maintain the hydrologic
connectivity with rivers throughout internal flows.
The site was chosen because represents a typical
wetland landscape, an isolated wetland that stores
freshwater from precipitation and aquifer. The water
dynamic and volume are related to rainfall seasonality
and the fluctuation of shallow groundwater. In the wet
season, the water level overtakes the ground surface
whereas in the dry season the evapotranspiration and
water infiltration empty the depression and the water
level approaches 50 cm from the topsoil. The wetland
exhibits a sequence of horizons with organic matter
accumulated in topsoil and iron-depleted subsurface
horizon indicating aquic conditions (USDA-NRCS,



Environ Monit Assess (2021) 193: 157

Page 3 of 14 157

19° 25’ 44” §
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Fig. 1 Location of the studied wetland and the Rio Claro River

2010). It is covered with grassy savanna vegeta-
tion and is surrounded by large farms with soybean
and corn cultivation. On the old lateritic flat plateau
shaped from sandstones of the Marilia Formation
(Upper Cretaceous) (Fernandes & Coimbra, 2000),
wetland systems develop in the upland position of
relief, with hydrological connection with basin.

On the terrain, an extensive network of isolated
wetlands can be recognized as a group of smooth cir-
cular concavities covered by grasses adapted to the
soil hydromorphy (Gleysol), which contrasts with the
surrounding open savanna vegetation in well-drained
soils (Oxisol). Frequency and duration of saturation in
the soil are related to seasonal rainwater, which also
controls the level of the water table. The water table
reaches the topographic surface during the summer
wet months (October to March).

The tropical climate has an average annual precipi-
tation of 1464 mm and an average annual tempera-
ture of 23 °C (Queiroz, 2012). The regional economy
is based on agribusiness and the totality of the well-
drained soils in the plateau is, since the 1970s, used

Rio Claro River

19°30°16” S

for intensive agriculture where a crop cycle is fol-
lowed by other, generally soybean and corn. The small
proportion of the remaining Cerrado vegetation covers
the water bodies (trees) and the center of the wetlands
(grasses). Crop fields advance on wetlands from its
border, drastically reducing their areas. The crops are
dependent on chemical fertilizers and pesticides, both
might be a source of heavy metals in the environment.

Sampling campaign and sample preservation

The sampling campaign was carried out in December
2018. Water samples were collected in piezometers
installed at six sites along a transect (Fig. 2), from
the center to the border of the wetland. The sampling
points were guided by topography and soil morphol-
ogy (soil color and mottles and topsoil enriched with
organic matter), which responds to hydromorphy
(Vepraskas, 1999). In the studied wetland, the duration
and frequency of soil saturation increase from border to
the center of the topographic depression. For each site,
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Fig. 2 Location map of
sampling points in the
wetland

samples were collected at two depths, one at 0.60 m
and the other at 2.5 m.

Sampling points P1, P2, and P4 were collected at
the depths of 0.6 and 2.5 m. The sampling point P3,
as it presented similar features to P2, was collected
only at 2.5 m. P5 and P6 samples were collected only
at the greater depth, as they were not saturated at
the depth of 0.6 m during the sampling event. The
water samples (500 mL) were collected into deion-
ized-prewashed and site-water rinsed bottles and
conserved in a thermal box to transportation. At each
sampling site, an aliquot was collected and acidified
with HNOj; (final concentration of 2%, v v~!) imme-
diately after sampling to determine the total content
of the elements, and an aliquot intended for physical
fractionation was collected from the surface layer,
kept at 4 °C and acidified in the laboratory, after the
fractionation.

The pH and ionic strength parameters were measured
in the field, during sample collection by the portable
meters K39-0014P (Kasvi) and the EC was determined
using a C-702 (Analion).

Reagents
All solutions used in this work were prepared with

ultrapure water (resistivity 18.2 MQ cm™) and
analytical grade reagents. For the preparation of the
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standard solutions and acidification of the samples,
subboiling bidistilled nitric acid was used.

Before use, all materials involved in the preparation
and storage of solutions, such as glassware and centri-
fuge tubes, as well as syringes, membrane filters, and
ultracentrifugation tubes, were decontaminated with 20%
HNO; (v v~ and washed with ultrapure water at least
five times.

Fractionation and determination of elements

To determine the total content of the elements, three
samples at 0.60 m and six at 2.5 m were collected
from piezometers and acidified with HNOj; to the final
concentration of 2% (v v~!). Aliquots of the samples
collected from the 2.5 m piezometers were used to
perform the physical fractionation of the elements.
These aliquots were filtered with hydrophilic PFTE
syringe filters (pore diameter: 45 pm) before the
ultrafiltration with ultrafiltration tubes (Vivaspan 6,
30 kDa MWCO). The ultrafiltration procedure was
performed, selecting the fraction <30 kDa, to separate
humic substances, which molecular weight can reach
up to a few dozens of kDa (LI et al., 2004). Finally, the
ultrafiltered aliquots were acidified with HNOj; to the
final concentration of 2%.

The determination of the elements was performed
by inductively coupled plasma—mass spectrometry
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(ACP-MS, Thermo Scientific, model X-Series 2). °Li
and Ge were used as online internal standards to correct
possible spectral interferences.

Characterization of samples

The determination of organic carbon in the samples was
performed by the TOCV carbon analyzer (SHIMADZU,
Japan). Carbonates were eliminated by addition of HCIl
2.5% (vvh.

The pH and electrical conductivity were measured
by K39-0014P-Kasvi and Analion C-702, respectively,
previously calibrated with the solutions provided by the
manufacturers.

Statistical analysis

The concentrations of the elements were expressed
by the mean and standard deviation, calculated for
the three runs of each sample obtained during the
quantification. To perform the statistical treatments,
values below the limit of quantification were assumed
to be X2, The normality of the data was assessed
using the Shapiro-Wilk test. The comparison
between two normal variables at the same sampling
point was assessed using the paired Student’s 7 test
(x=0.05). The comparison between two or more
variables with non-normal distribution was performed
using the Kruskal-Wallis test («=0.05) and, when
applicable, the results were further compared
using the Dunn post hoc test. Multivariate analysis
of grouping by similarity (dendrogram) was also
performed to compare the sampling points according
to the concentrations of the elements, adopting the
attributes Euclidean distance and complete method
for calculating similarity. The evaluation of similarity
patterns between the elements was performed using
Pearson’s correlation matrix (normal data). All
statistical tests were performed with the aid of the
public domain Software R Studio.

Speciation model

Visual MINTEQ geochemical modeling software,
version 3.1 was used (Gustafsson, 2012). The modeling
was performed by using the data from the program’s
database. The input parameters were pH, ionic strength

(@), dissolved organic carbon (DOC) concentration and
the total contents determined in the 2.5 m piezometer of
the AI**, Fe?*, Mn**, Co?*, Ni**, Cu*, Zn?**, Cd**, and
Pb”* ions. The oxidation states attributed to the elements
were based on Eh—pH diagrams (Takeno, 2005, LLNL
database for pH=6.5 and Eh=— 0.2 to 0.2 mV).

To calculate element complexation with organic
matter, the dissolved organic carbon concentrations in
the samples were input, according to the model NICA
(Non-Ideal Competitive Adsorption)-Donnan. The
NICA-Donnan model combines non-ideal competitive
adsorption isotherms, used to describe the bonding
of ions to a heterogeneous surface, to the Donnan
electrostatic model, used to describe the electrostatic
interactions between ions and humic substances (Milne
et al., 2003).

Since fulvic acids have a lower molecular weight
than humic acids (Beckett et al., 1987), water-extract-
able organic matter tends to have a higher concentra-
tion of fulvic acids. Furthermore, the stability con-
stant between humic and pure fulvic acids with metals
shows that metal-humic acids complexes are less
stable when compared to metal-fulvic counterparts
(Kabata-Pendias & Pendias, 2001). Thus, as pre-estab-
lished in the model used by the Visual Minteq soft-
ware, 100% of the DOC concentration was assumed to
be fulvic acid.

The values of the input parameters are shown in
Table 1 of the Supplementary Material.

Results and discussion
Distribution of elements concentration

Table 1 shows the concentrations of the elements at the
six sampling points. P1 was the innermost point, at the
center of the wetland, and P6 the outermost point, at the
border of the wetland. For the elements, Fe, Mn, Co, Ni,
Zn, Cd, and Pb, a tendency to increase the concentration
towards the border was observed. The concentrations of
these elements in P6 ranged from 4 to 20 times higher
than the median.

The lowest concentrations were found for Co, Cd,
Pb, and Ni. These results are expected, since Pb and Ni
are considered to be poorly mobile elements, as they are
bonded to silicates. Additionally, Cd occurs strongly
retained to organic matter in wetlands. Co is not found
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Table 1 Concentration (ug L") + standard deviation (n = 3) of extractable elements in water at depth (2.5 m)

Pb

Cd

Zn

Cu

Co

Mn

Fe

Al

<LQ
<LQ
<LQ
<LQ

<LQ
<LQ
<LQ
<LQ

18.7+0.3
26.13+0.07

2.41+0.05
1.24+£0.01
3.23+£0.02
0.46+0.02
4.88+0.04
4.11£0.05

0.17+£0.01
0.16+0.01
4.62+0.08
0.13+£0.01
2.53+0.01
52.68 +0.36

<LQ
<LQ
<LQ
<LQ
<LQ
1.41+0.03

2.95+0.02

4.71£0.02

21.4+0.2
<LQ

33.22+0.94

29+2

P1

26+2

P2

86+1
17.8+0.4
39.14+0.07
950+9

<LQ
4.47+0.03

1.31+£0.02
13.02+0.14

785+35
18+2

P3

P4

<LQ

<LQ

377+4
2092 +25

843 +39

455+3

P5

0.41+£0.01 1.80+£0.04

P6

LQ: Mn: 0.65ug L', Co0.34 ug L', Cd 0.5 ug L™, Pb 2.3 pg L™!

in high concentrations in soil interstitial water due to
high adsorption to Fe and Mn oxides and clay minerals
(Kabata-Pendias & Pendias, 2001).

The concentration of inorganic elements in the upper
layer of the soil is the result of processes involved in soil
formation and anthropic activities, mainly agriculture.
Elements such as Cd and Pb are one of the main trace
elements found in soils of agricultural plantations
with a long history of fertilizer use (Jiao et al., 2012).
Thus, given the natural vulnerability that the studied
wetland presents due to the landform conditions and
the characteristics of the surroundings of the wetlands
in the study area, contamination by metals is possible
(Rosolen et al., 2015). In the present study, the highest
levels of metals were found at the point closest to the
agricultural cultivation area.

Table 2 shows a comparison of the metal concentra-
tions determined in this study and the values reported
for the soil solution in the literature.

The total content of the elements Mn, Co, Ni,
Cu, Zn, Cd, and Pb in the soil solutions were within
the range reported from different parts of the globe.
The concentration range of the elements in the soil
solution varied by up to four orders of magnitude,
depending on the element. The results obtained in the
present study are close to the values reported for the
organic soil and the results obtained for the wetland,
with notably lower levels. The higher similarity of
the results is possibly related to the similarity of the
type of soil and sampling method for organic soil,
and to the type of soil, sampling method, landform
characteristics, climate, and geology for the wetland.

The results found for Fe and Al in the present
study exceed the maximum limits reported in a
survey performed by Kabata-Pendias and Pendias
(2001), for soils in different parts of the world.
Possibly, the higher concentration herein found
is due to most of the previously reported studies
being concentrated in regions of temperate climate,
whereas the conditions of formation of tropical
soils favor the higher concentration of Fe and Al
elements. The concentrations of these elements in
the Tridngulo Mineiro wetland were even higher and
this difference was even greater when considered
that the concentrations reported by Ribeiro et al.
(2019) correspond to those of dissolved metals
(<0.45 pm) and collected in a more superficial layer
(0-0.10 m). The concentrations reported for Mn
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Table 2 Comparison between the total levels of extractable elements in water in the present work and in the literature

Element Present study (piezom- Soil solution® (multiple Organic soil solution® Soil solution in wetland, Trian-

eter-2.5 m, ug L1 techniques, ug L") (lysimeter, ug L1 gullc; ‘Mineiro (piezometer, pug
L1y

Al 18 to 843 400 to 460 - <23 t0 8580

Fe 8 to 2092 16 to 150 - 140 to 6140

Mn <0.65 to 13.02 25 to 7100 - <7to 120

Co <0.35to0 1.41 <0.4 to 87 - -

Ni 0.13 t0 52.68 3to 150 0.6t054 -

Cu 0.46 to 4.88 0.5to 135 1.8t0 22 -

Zn 18 to 949 4 to 17,100 31 to 470 <910 410

Cd <0.26 to 0.41 <0.2 to 300 <0.2t02.9 -

Pb <1.78 to 1.80 <0.6 to 63 4 to 65 -

2Kabata-Pendias & Pendias (2001)
bBergkvist et al. (1989)
“Ribeiro et al. (2019)

were also higher than those obtained in the present
study. A fundamental process that characterizes soils
periodically saturated by water is the removal of Fe
and Mn compounds from the soil matrix, released by
dissolution and reduction induced by saturation and
anaerobic conditions (Vepraskas & Lindbo, 2012).

In the present study, Zn concentrations were higher
than those reported for Tridngulo Mineiro wetland, pos-
sibly due to the presence of Zn in the particulate frac-
tion in the results obtained in the present study.

Comparison of concentrations as a function
of depth

Table 3 shows the extractable water concentrations of
the elements at two depths

For Al, a significant difference (p=0.0244) was
observed in the concentrations at the two studied depths
(0.60 and 2.5 m). For the other elements, there was no
significant difference (Ni: p=0.5602, Cu: p=0.2589,
Zn: p=0.5992) in concentrations as a function of depth.

In a recent study carried out at the same sampling
points (data not shown), an increase in the stability
constant between total humic substances (HS) and
Al or Cu as a function of depth was observed. As
the concentration of water extractable organic matter
(WEOM) decreased with depth, it was suggested that
WEOM was adsorbed to the surface of minerals and
oxides in the soil. Therefore, the lower concentrations
of Al for samples collected at 2.5 m suggest that, in
greater depths, the complex of this element and HS is
found immobilized by the mineral fraction of the soil.
The iron-depleted matrices in the soils of the wetland

Table 3 Average concentration (ug L")+ standard deviation (n=3) of the elements in the samples collected at two depths of pie-

zometers at three sampling points

Al Fe Mn Co Ni Cu Zn Cd Pb
P1-0.6 m 171+9 7.0+0.5 2.60+0.03 <LQ 0.45+0.02 8.73+0.05 60.7+0.5 <LQ <LQ
P1-2.5m 29+2 21.4+0.2 2.95+0.02 <LQ 0.17+0.01 2.42+0.05 18.7+0.3 <LQ <LQ
P2-0.6 m 139+11 51.1+0.6 4.79+0.03 <LQ 0.17+0.01 2.15+0.01 15.1+£0.2 <LQ <LQ
P2-2.5m 26+2 <LQ 4.71+0.02 <LQ 0.16+0.01 1.24+0.01 26.1+0.1 <LQ <LQ
P4-0.6 m 212+13 568 +11 1.54+0.01 <LQ 0.09+0.03 1.54+0.03 17.1+£0.6 <LQ <LQ
P4-2.5m 18+2 8+3 0.23+0.01 <LQ 0.13+0.01 0.46+0.02 17.9+04 <LQ <LQ

LQ:Fe7ugL™!,Co0.34pug L™, Cd0.5ugL™!,Pb23 ug L™!
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(gleysol) are enriched in kaolinitic clay minerals
and aluminum hydroxides (gibbsite) formed after a
long and continuous process of chemical weathering
and the action of humic substances is not effective
in mineral disequilibrium. The high content of
extracted Al is linked to the chemical-mineralogical
composition of soil developed in that wetlands,
which is enriched of Al-hydroxides (gibbsite) and
low-activities clay (kaolinite) resulted from long and
intensive tropical chemical weathering.

In P1, Zn concentration at the 0.60 m piezometer
was three times higher, when compared to the 2.5 m
one. Zn is easily adsorbed to minerals and organic
compounds in the soil and, therefore, in most soil
types, its accumulation is observed in the surface
horizons (Kabata-Pendias & Pendias, 2001). However,
the same pattern was not observed for points P2
and P4, and a higher concentration in the 2.5 m
piezometer was observed for P2. In both P2 and P4,
the mineralization of the organic matter considerably
decreased with the depth increase (Table 4), following
an opposite trend of that found at P1, suggesting
that Zn concentration is related to organic carbon
mineralization processes, possibly as Zn being
required in microbial activities (Esther et al., 2014).

Ni concentration did not vary according to depth,
except for P1. The Ni concentration is stable along
with the soil profile; therefore, increases in the
superficial horizon are indications of contamination
(Malavolta, 1994).

Although it was not possible to observe a
difference in the concentrations as a function of
depth for Fe (p=0.3941) and Mn (p=0.57) when
comparing the three sampling points, for P1, the two
elements presented a similar pattern of variation.
Table 3 shows an inversion in the sampling point
(P1) concentration pattern when compared to the
other sampling points, being lower at 0.60 m than at
2.5 m piezometer for both elements (Mn: p =0.00478
and Fe: p=0.003102). This inversion may be related
to an advanced process of Fe removal from the soil,
wherein the seasonal fluctuation of the water table
results in the leaching of Fe from the superficial
horizon to greater depths (Rosolen et al., 2015). As
P1 is the most central among the sampling points, it
is subject to a more expressive effect of this dynamic.

To a lesser extent, the same process may have
occurred for Mn, given the geochemical similarity
between these elements (Kabata-Pendias &
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Table 4 Soil organic carbon contents (C%), total nitrogen
contents (N%), and C:N ratio in soil profiles

Sample Soil profile/ C (%) N (%) C:N
depth (cm)
Pl 0-10 26.85 2.46 12.75
40-50 1.27 0.10 15.05
50-60 0.40 0.055 8.52
60-70 0.30 0 -
P2 0-10 23.74 2.07 13.39
10-20 9.95 0.78 14.79
30-40 2.85 0.13 25.26
50-60 1.22 0.03 43.49
80-90 0.64 0.02 36.05
P3 0-5 15.19 1.37 12.92
5-15 2.35 0.13 21.85
30-40 3.14 0.15 24.34
50-60 1.08 0.02 62.47
80-90 0.39 0.02 30.58
P4 0-10 10.57 0.86 14.32
10-20 3.53 0.30 13.85
40-50 0.91 0.03 33.74
80-90 0.32 0 -
P5 0-10 3.05 0.14 25.45
10-20 2.27 0.12 23.02
40-50 0.64 0.04 18.85
70-80 0.45 0.02 28.44
110-120 0.33 0.07 5.79
P6 0-10 4.85 0.39 14.45
10-20 1.04 0.02 31.85
20-30 0.94 0.04 31.04
40-50 0.70 0.04 34.82
60-70 0.58 0.02 36.93

Pendias, 2001). Reiss and Chifflard (2015) evaluated the
effect of dissolved organic carbon on the concentration
of extractable Mn in water as a function of depth in a
wetland in Germany, characterized by a lithological
discontinuity. For the lowest sampling point in the
terrain, the concentration of Mn increased with depth,
being significantly higher at the greatest depth studied
(1.10 m). This was attributed to the upward transport
of the subsoil element (gleysol) through the interstitial
water of the soil.

The formation of soluble complexes with organic
ligands is often related to the high mobility of the
element in the soil profile and its bioavailability
(Kabata-Pendias & Pendias, 2001). Water level
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fluctuations due to wet-dry cycles and DOC
concentration in wetlands affect biogeochemical
processes in wetlands (Chow et al., 2013). The
C:N ratio is indicative of SOM mineralization. The
contents of organic carbon are higher in topsoil at
0-10 cm in all soil profiles (Table 4). In this depth,
carbon contents decrease from P1 to P35, closely related
to the topography, which determines the permanence
of water in soil. The profile P6 is different, possibly
influenced by agriculture, which is strongly dependent
on farm inputs. Overall, C contents diminish from
topsoil to deeper horizons in all profiles because litter
deposited on the soil surface is an active process under
anaerobic conditions (Everett, 1983). Comparing soil
profiles and horizon depth, the C:N ratio diminish at
0-20 cm in the profiles P2, P3, and P4 and at 0-50 cm
in P1, indicating mineralization of SOM in soil surface
due to aerobic conditions during the dry season.
C:N ratio increases in deeper soil horizons probably
because the high level of the water table along the year
creates the anaerobic conditions through the redox
reactions by microorganisms (Vepraskas, 2004). In P5,
the C:N ratio diminishes towards soil depth, indicating
increased mineralization in soil depth, and in P6,
except at 0—10 cm, the ratio is higher and stable. The
transfer of C and N through soil is complex; however,
the results indicate that microorganisms of the wetland
soil metabolize carbon, and DOC could be produced
at an independent reaction by microbes utilizing SOC
as C source, which enhances the forming metal-DOC
complexes (Christensen et al., 1996; Liu et al., 2017).
It is possible that microsites (hotspots) with high
biological activity are present within the soil profile.
These spots contain organic residues, such as dead

Fig. 3 Cluster analysis of
the sampling points as a
function of the total con-

roots or leaves, which are actively biodegraded
by microorganisms (Parkin, 1987). The action of
microorganisms consumes dissolved oxygen, and in
the absence of oxygen for the degradation of organic
matter, the two main electron acceptors will be Fe(III)
and Mn(IV), which will then be reduced to their more
soluble forms Fe(Il) and Mn(II). This process could be
related to the fact that the removal of Fe was observed
only in the most central point of the wetland.

Relationship between the elements

Figure 3 shows a cluster analysis by the similarity of the
sampling points as a function of the total content of the
elements at the 2.5 m piezometer. The similarity between
the points is inversely proportional to the distance
between them.

It can be seen from the figure that P6, at the border
of the wetland, is separated from the others. The cluster
analysis suggests that the points P1 and P2, located
inside the wetland, present a similar pattern for the
concentration of the elements. This may indicate similar
mechanisms influencing the dynamics of the distribution
of the elements. In addition, the concentration of the
elements on the border and at the innermost points
results from different processes.

Given this result, a Pearson correlation matrix
(Table 5) was performed to compare the total contents
of the elements in the study area and evaluate the affinity
between the elements, which could indicate origin by
similar processes.

In this table, there is a high correlation between Fe,
Mn, Co, Ni, Zn, Cd, and Pb and between Al and Cu.
However, from the results presented in Table 1, it is

Cluster analysis of sampling sites (2.5 m piezometer)

tents of the elements at the s
2.5 m piezometer

P6

Height

P3

P5
P4

P1

P2
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Table 5 Pearson’s Al Fe Mn Co Ni Cu  Zn cd Pb
correlation matrix for the
total content of the elements Al 1.000
prrame sl g oz tow
the six points of the studied Mn  0.148 0.942*  1.000
wetland Co 0.120 0.984*  0.925*  1.000
Ni 0.197 0.986* 0917* 0.996*  1.000
Cu 0.838*  0.528 0.516 0.403 0.454 1.000
Zn 0.172 0.983*  0.918* 0.997* 0.999* 0432 1.000
Cd 0.120 0.985*  0.925*  1.000* 0.996* 0.001 0.997*  1.000
Pb 0.120 0.985*%  0.925*  1.000* 0.996* 0.001 0.997* 1.000*  1.000

*Correlation is significant at the level of significance a=0.05 (bi-tailed)

observed that only Al and Cu concentrations were not
higher at P6 compared to the other sampling points,
which explains the low correlation between Al and Cu
and the other elements. In the well-drained soil (profile
P6), Cu®>* and AIP" are the usual stable forms of Cu and
Al, and the complexes or chelate formation with organic
matter play an important role in element movement from
soil (Matos et al., 2001).

Fractionation and speciation

Comparisons of the concentration of the elements
between the fractions <30 kDa and total are herein
presented (Figs 4, 5). The interpretation of the results
was carried out using ionic speciation data from the
geochemical modeling available in the Visual Minteq
software. The dissolved organic matter (DOM) con-
centrations of the samples were input to the mod-
eling. Refer to Supplementary Material for additional
details about the modeling (input and output data).
Despite the high total concentrations of Fe and Al
found in the samples, values above the limit of detection
(LOD) were not found for any of the sampling points for
the fraction <30 kDa (Fig. 4). Similar results have been
widely reported in the literature. Pédrot et al. (2008)
found more than 80 and 90% Fe and Al, respectively,
in the fraction >30 kDa. Also, the DOM distribution
was uniform throughout the studied fractions;
therefore, the distribution of Fe and Al did not follow
the same pattern as the DOM. In the ionic speciation
of Al under the conditions of the present study (Fig. 4),
most of the Al occurred as AIOHx. AIOHx tend to
form large size polymers and the model predicted
most of the AIOHx formed had positive charges,
which have great affinity for the negative functional

@ Springer

groups of humic substances (Gérard et al., 2001).
Therefore, the data from the speciation model and
the results from the fractionation of the element
corroborate the interactions described in the
literature. Similar results were reported by Barbiero
et al. (2016), where the absence of Fe and Al in
the fraction >30 kDA was attributed to the rapid
formation of large (oxy-)hydroxides of Al and Fe and
complexation with organic ligands.

Fe (Fig. 4) occurred in the samples predominantly
as a free ion; therefore, its presence was expected
in the fraction <30 kDa. However, results similar to
those observed in this study, i.e., higher concentrations
in the fraction >30 kDa, have been previously reported
for Fe in a wetland. These results were related to
the presence of Fe oxides, which had already been
reported for the same size range at the wetland in the
area of study. Also, Fe was found to be present in large
colloids and almost completely removed from the soil
solution in ultrafiltration procedures (Pourret et al.,
2007).

Pédrot et al. (2008) classified Mn as “truly dissolved”
and present in the interstitial water of the soil at the studied
wetland entirely as a free ion. From the comparison with
these results, the difference between the total content
and <30 kDa in the present study may be related to
the presence of the element in the particulate fraction.
According to the speciation of Mn in equilibrium
conditions, the element occurs predominantly as a free
ion and complexed by fulvic acids, with the fraction
complexed with fulvic acids more expressive at P3 (9.5%),
P5 (5.5%), and P6 (4%). When comparing the data for the
fraction <30 kDa and the speciation model, the percentage
of Mn** in the samples showed a positive correlation
with the percentage of Mn in the fraction <30 kDa
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Fig. 4 Proportions of the fractions bonded to DOM, hydroxides and free ions (vMinteq v 3.1) and comparison with the fraction
<30 kDa and with the total extractable water content, for Al, Fe, and Mn

(R*=0.46). For all samples, the concentration of MnOHx
found in the model was low, and organic matter and free
ion seem to be the main factors for the presence of Mn in
<30kDa.

Free ion fraction was the only occurring species
for Cu* and the dominant one for Zn** and Ni**
(Fig.5). Thus, itis expected that the concentration of the
elements in the fraction <30 kDa will be very close
to the total content of these elements. However, not
only is the concentration in the fraction <30 kDa
lower than expected for Cu, Zn, and Ni at P6, but very
similar variations were observed in the fractionation
of the elements. This similarity indicates that the
same mechanism may be influencing the fractionation
dynamics, mainly for Ni and Zn. Except for Al, Cd,
and Pb, all elements showed a concentration above
the limit of quantification (LOQ) in the fraction
<30 kDa at P6. For Pb and Cd, the estimated fraction
complexed with fulvic acids is quite expressive,

which may be the reason for the absence of these
elements in the fraction <30 kDa.

The occurrence of Co and Fe in the fraction <30 kDa
was only observed in P6 and the percentage in relation
to the total content was 59.3 and 1.3%, respectively.
For Cu, Mn, Ni, and Zn, the percentages in the
fraction <30 kDa in relation to the total content in P6
were 41.8, 77.8, 60.7, and 50.5%, respectively. For Ni
and Zn, the occurrence in the fraction <30 kDa in P6
was lower than in the other points (medians 81.5% and
57.2%, respectively). The occurrence in the fraction
<30 kDa for P6 was higher for Mn (median=61.2%)
and equal for Cu (median=41.8%).

Thus, despite the significant increase in the total
content of the elements (except Al and Cu) at P6
in relation to the other sampling points, the data
for fraction <30 kDa indicate that, except for Mn,
the colloidal and particulate fractions are the most
expressive at the border of the wetland.
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Fig. 5 Proportions of fractions bonded to DOM, hydroxides and free ions (vMinteq v 3.1) and comparison with the fraction
<30 kDa and with the total extractable water content, for trace elements

Conclusion

Despite the high concentrations of Al and Fe in the
study area, the concentration of these elements was
very low in the fraction <30 kDa, which suggests that
these elements are complexed with organic matter in
the form of hydroxides. Evidence of removal of Fe
and Mn from the superficial horizon was observed
at the innermost point of the wetland, where a higher
degree of decomposition of organic matter was found.

The grouping of the sampling points by the
similarity of the total content of the elements

@ Springer

suggests that the points located in the transition
segment of the wetland have a similar pattern, which
may indicate that similar mechanisms influence the
dynamics of the distribution of the elements. Also,
it indicates that the concentration of the elements
at the border and the innermost point result from
different processes from those located at the other
points. The transition segment is subject to a greater
fluctuation of the oxidation-reduction conditions as
it is the segment that most rapidly loses the flood
water through the lateral flow towards the interior
of the wetland.
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The comparison of the concentration in <30 kDa
fraction at the border and the other points, the
concentrations of the elements as a function of
depth and the comparison with the elements soil
solution concentration from the literature suggest
that the area is not currently contaminated. Also,
the metal leached from the surrounding areas to the
wetland can be precipitated and/or adsorbed to the
colloidal fraction. The presence of elements in the
fraction <30 kDa, which is more likely to generate
environmental damage to the biota is currently
very small. However, wetlands tend to accumulate
potentially toxic contaminants in the soil, increasing
its enrichment factor and ecological risk (Gao et al.,
2014); therefore, long-term monitoring of the studied
are is necessary to prevent worsening of possible
contaminations.

The comparison of data obtained from different
depths, fractionation, speciation modeling, and
interaction between the elements allowed to interpret
the distribution of the fractions of the elements, as
well as the mechanisms that control the mobility of
these elements between the soil profiles. However, in
this study, the data obtained in speciation modeling
were consistent for some elements (e.g., Al), but for
others, the interpretation needed to be carried out with
caution (e.g., Cu and Zn). Finally, the present study
provides data on the concentration and fractionation
of metals in wetlands of the Cerrado, which are still
scarce in the literature.
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supplementary material available at https://doi.org/10.1007/
s10661-021-08945-y.
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