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ABSTRACT: Failures of mining tailings dams can cause severe environmental impacts,
as sadly illustrated by the Fundao dam collapse in Mariana-Minas Gerais State, Brazil,
in 2015. This event induced significant physical and chemical changes in the affected
landscape, including variations in soil pH, texture, and key edaphic properties. Soils
formed from post-industrial anthropogenic activities, known as Technosols, exhibit
high biological, chemical, and physical heterogeneity. In the affected area, Technosols
comprise a mixture of tailings, iron mining sediments, natural soils, and debris, with
high concentrations of iron oxides, silt, and fine sand. This study aimed to deepen
the understanding of Technosols on floodplains and riverbanks impacted by the dam
rupture by characterizing their physical and chemical properties in detail. Seventy soil
profiles were analyzed — 50 Technosols and 20 unaffected soils — using a slice-wise
algorithm to generate standard profile sketches for comparison. Tailings-containing layers
exhibit distinct chemical characteristics, including higher pH, phosphorus content, base
saturation, and silt content than unaffected layers. These horizons exhibited low cation
exchange capacity, indicating low fertility. Tailings deposition was controlled by the basin
geomorphological gradient, showing greater heterogeneity upstream and more uniformity
downstream. Physically, Technosols displayed higher fine particle content in surface
layers, associated with the tailings, while deeper layers showed increased coarse sand
and clay, reflecting truncated unaffected horizons of the alluvial environment. Chemically,
impacted soils exhibited elevated pH and slight increases in phosphorus, sodium, and
potassium at the surface, contrasting with more acidic and less fertile unaffected soils
downwards, despite local variability, most profiles showed homogeneous responses,
with impacts confined to surface layers.

Keywords: mining dam failure, environmental impacts, geomorphological gradient,
alluvial environment.
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INTRODUCTION

Mining is a highly relevant economic activity in Brazil, especially in the production of metallic
substances. Iron ore, concentrated mainly in the Iron Quadrangle (MG) and in the state of
Pard, accounted for approximately 60 % of the mining sector revenue in 2023 (ANM, 2023).
The main deposits belong to Banded Iron Formations (BIF), consisting of finely laminated
rocks, composed predominantly of iron minerals (hematite, magnetite) and silica, formed
by chemical precipitation and modified by diagenetic and metamorphic processes (Spier
etal., 2007; Carvalho et al., 2014). The types of ore mined in the country, such as itabirite,
hematite and canga, have high iron contents and low levels of impurities undesirable to the
steel industry, such as sulfur, aluminum and phosphorus. However, growing international
demand, driven mainly by China over the last decade, has led to the exploration of lower-grade
deposits, resulting in greater tailings generation, often disposed of in dams.

Tailings generated by iron mining can be in liquid or dry form, depending on the processing
method used. In general, they are composed predominantly of quartz with a fine grain
size, close to that of fine sand (Guerra et al., 2017). In the Iron Quadrangle, it is common
for the tailings to have a high proportion of fine particles (silt and clay), resulting from the
grinding and physical and/or magnetic separation stages, in addition to the presence of
fine-grained hematite in the deposits (Andrade, 2014). The main minerals associated with the
tailings include kaolinite, gibbsite, goethite, hematite, magnetite and quartz (Wolff, 2009).

In the last 20 years, three major tailings dam failures have occurred in Minas Gerais, with the
most notable disasters being Cataguases (2003), Mariana (2015), and Brumadinho (2019).
The Fundao dam failure in Mariana, considered the country's largest environmental disaster,
caused human losses and severe impacts on the river plains of the Gualaxo do Norte and
Carmo rivers (Marta-Almeida et al., 2016; Segura et al., 2016; Carmo et al., 2017). Such
changes compromised agricultural use and the recovery of native vegetation in impacted
areas (Duarte et al., 2021; Silva, 2021; Villa, 2022).

Soils developed from material introduced into the environment by human activities are
classified as “Technosols” (IUSS Working Group WRB, 2015). In the region affected by the
Fundao dam, the Technosol consists of a mixture of iron mining waste and sediments,
soils and debris from the affected areas (Schaefer et al., 2015, 2016). According to
these authors, this material has a high concentration of iron oxides, silt and fine sand,
and, when deposited on the banks, it has altered the surface layers of the soil, causing
compaction and surface sealing of the soil and an increase in pH, associated with the use of
NaOH in ore processing (Schaefer et al., 2015; Santos, 2019), revealing little physical and
morphological variability (Guerra et al., 2017). However, since it is a territorially extensive
affected area, it is expected to find different environments throughout the river landscape,
with geomorphology, vegetation cover in the surroundings, management actions, and
impact mitigation being key aspects in restoring the quality of these Technosols.

In this sense, this study aimed to deepen knowledge of the Technosols formed on
floodplains and areas marginal to watercourses directly affected by the Funddao dam
tailings, in order to broaden understanding of the incident pedogenetic processes, based
on the characterization of their physical and chemical properties.

MATERIALS AND METHODS

Study area

This study was conducted in the Rio Doce Basin, located in areas severely affected by
the deposition of tailings from the Fundao Dam, forming a Tecnosol (Figure 1). This event
resulted in a heterogeneous mixture of tailings, soils, channel sediments and water that
broke through and flowed down the main watercourses, including the Santarém Stream,
the Gualaxo do Norte, Carmo and Doce Rivers, and was partially dammed in the upstream
sector, above the Risoleta Neves Reservoir.
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Figure 1. Doce River Basin in Brazil (a), study area within the basin (b), and sample locations along the study area (c).

In this region, the climate is tropical rainy with dry winters, classified as Aw
(Kdppen, 1948). Gualaxo do Norte and Carmo River Basins are located in the east-southeast
region of the Iron Quadrangle and present a predominance of Proterozoic rocks rich in Fe
and Au mineralization. The tectonic setting of the QF allowed the formation of several
mineral deposits due to the different phases of deformation. In this region, the upper
course geological units include rocks from the Minas Supergroup and its subdivisions, which
correspond to a succession of Paleoproterozoic sedimentary rocks of high mining interest.
Its main units include formations with quartzites, phyllites, itabirites, metaconglomerates
and carbonates, representing varied depositional environments, from fluvial and deltaic to
shallow marine. Among the main lithological groups, the itabirites of the Caué Formation,
the metaconglomerates of the Moeda Formation and the quartzites of the Caraca Formation
stand out, which have both geological and economic importance, especially in relation
to iron deposits. The geological units of the middle and lower reaches include the Santa
Barbara Metamorphic Complex, the Acaiaca Metamorphic Complex, the Mantiqueira
Metamorphic Complex and the Rio das Velhas Supergroup (Dorr Il et al., 1957; Gair,
1958; Dorr II, 1969; Renger et al., 1994). In the upper part of the basin, a steeply sloped
mountainous landscape is observed, typical of the Iron Quadrangle, with Cambisols
(Cambissolos) and Leptosols (Neossolos) of highlands, with grassy to shrubby vegetation.
Further down in the landscape, elevated plateaus with Petric Plithosols on ferruginous
ironstones (Canga) are observed, where Fe mining is underway. In the transition region
to the lowlands of the basin, there is a region of aligned ridges, transitional forests, with
a predominance of dystrophic Cambisols over acidic phyllites rich in Al. In the lower
elevations of the basin, where crystalline basement rocks occur, the Mares de Morros
predominate, with a predominance of Ferralsols (Latossolos) and Acrisols (Argissolos)
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on saprolites, originally covered by Semideciduous Seasonal Forest, mostly replaced by
pastures and agricultural areas. In the river plain, natural alluvial soils (Fluvisols/Neossolos
Fluvicos and Cambisols, in addition to Gleysols/Gleissolos) occur in low-energy lacustrine
environments with poor drainage. These soils were partially truncated and buried by the
wave of tailings, forming the current Technosols under study. In this sector, the Technosols
cover an area of approximately 2,200 ha. It is worth noting that in the affected area,
environmental restoration measures were implemented, including the removal of waste
from the main tributaries' channels, the reconstruction and stabilization of their banks
to prevent erosion, and the planting of native species along the river banks.

General characteristics of the soils investigated

This study used a large database of chemical, physical, and morphological properties from
50 soil profiles, collected in areas affected by tailings, as well as 20 reference profiles located
adjacent to the impacted area. These soil profiles were described in situ by Schaefer et
al. (2016), Santos (2019), and Fundacao Renova database, using the classical pedological
approach (Santos et al., 2013). Samples were collected by pedogenetic horizon, focusing
mainly on texture, structure, and color, which facilitated differentiation of soil horizons,
particularly in terms of the presence or absence of tailings. The studied soil profiles ranged
in depth from 0.30 to 1.80 m, with an average depth of 0.90 m, considering the entire
dataset. Additionally, five samples from fresh tailings deposits, collected 5 days after
deposition, were used as time-zero reference material. The physical properties analyzed
in this study were: soil depth, granulometric distribution (% coarse sand, % fine sand,
% silt, % clay); and chemical properties: pH in water, pH in KCI, P (mg dm?), K (mg dm-3),
Sum of bases (SB) (cmol. dm3), Base saturation (%) and organic matter (g kg*). On sail
characterization, pH(H,0) was determined in the soil:water ratio 1:2.5 (Teixeira et al.,
2017). Saturation paste extract (USSL Staff, 1954) was prepared to measure pH and to
determine soluble cations (Na*, K*, Ca?*, Mg?*). Exchangeable cations were extracted by
ammonium acetate (1.0 mol L!); cation exchange capacity (CEC) was determined by the
sodium acetate/ammonium acetate method (USSL Staff, 1954). Soluble and exchangeable
Ca?* and Mg?* contents were measured by atomic absorption spectrophotometry, and Na*
and K* by flame emission photometry. Phosphorus content in the soil was extracted by
Mehlich-1 (Mehlich, 1978). The P-rem was obtained by Alvarez V et al. (2000). Total organic
carbon (TOC) was determined by the wet oxidation method (Mendonca and Matos, 2005).

Data preparation

Using Geographic Information System software, the soil profiles were related to information
about the relief and distance from the Fundao dam. Using this information, three groups
were grouped according to the fluvial geomorphological sectors described by Felippe
and Mendes (2022) apud Saadi and Campos (2015), and Oliveira et al. (2017).

According to these authors, the river channels in the mountainous region have rocky
and semi-confined beds with a gradual transition to alluvial beds in unconfined valleys.
The plains are narrow, with some segments presenting rapids due to the exposed rocky
substrate. There are narrow and enclosed valleys with a high slope, explaining high-energy
stretches even in the region near the Pedras waterfall. From this stretch to the lower
third of the Carmo River, the conditions of the channels change and the valley bottom
becomes wider. Throughout the studied area, there are several types of river valleys,
including canyons, confined, narrow valleys, wide valleys with small plains, and wide
valleys with extensive plains, with smooth to flat profiles.

Hydrogeomorphological sector 1 was delimited from the most upstream point of the
basin impacted by the mud. The first profile described in this area is located near the
end point of the area impacted by the tailings, characterized by the “rebound” of the
mud. This event caused the river flow to change and was caused by the confinement
of the Gualaxo do Norte River near its confluence with the Santarém Stream. From
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this point, the section follows the bed of the main river course to the Pedras Waterfall,
located in the district of the same name. Hydrogeomorphological sector 2 begins at this
waterfall and continues until the confluence with the Carmo River, in Barra Longa-MG.
Hydrogeomorphological sector 3 begins at this point and extends to the confluence with
the Piranga River, where the Doce River forms.

To assess the effect of geoforms on the distinction of the sections more clearly, the
classification of relief forms proposed by Weiss (2001) was applied, with the aim of
evaluating the predominance of the main features. According to Jenny (1994), soil
formation is closely related to several factors, and relief and topography are among
them. Relief influences soil formation in several ways, including erosion in areas with
sloping topography, accumulation of sediments in flatter areas, soil drainage, exposure
to climatic elements, and others.

There is an increase in the contribution of the plain areas as the mud travels through the
affected sections (Figure 2). On the other hand, there is a reduction in areas where the river
flows in a more embedded manner, characterized by slope drainage classes and deeply
incised streams. In addition to the spatial effect, the influence of technogenic materials in
relation to natural material was evaluated, with a comparative analysis being carried out
with soil profiles described outside the impacted area, located in the same study region.

Statistical evaluation

Statistical procedures were performed using scripts and packages developed in the software
(R Development Core Team, 2021). To assess the chemical and physical properties of soil
profiles at depth, tools from the AQP package developed by Beaudette et al. (2013) were
used. The AQP is a specific package for analyzing soil variability based on soil profiles.
The analysis was based on an algorithm that constructs soil depth functions, allowing
the prediction of central trends, calculation of statistics, and reconstruction of data into a
representative depth function (Pinheiro et al., 2016, 2018). The slice-wise algorithm assumes
that a representative function for the variation in soil properties with depth can be generated
from a collection of profile data, summarized into depth intervals. For this study, the layers
0.00-0.05, 0.05-0.15, 0.15-0.30, 0.30-0.60, 0.60-1.00, and 1.00-2.00 m were adopted. The
spline function was then applied to calculate the mean and median for each layer. The spline
function is a non-parametric technique suitable for modeling soil properties, adjusting the
data for each layer, and maintaining the mean of the soil property (Pinheiro et al., 2016).

Figure 2. Distribution of landform classes proposed by Weiss (2001) across the study sectors.
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To evaluate soil properties that could be used to categorize the data, the variables
were subjected to Spearman correlation tests (p=0.05) using the “corrplot” package
(Wei et al., 2021), and subsequently, principal component analysis (PCA) and cluster
analysis were performed using the “sharpshootR” package (Beaudette et al., 2023) and
“FactoMineR” (Husson et al., 2017). Principal Component Analysis (PCA) is a statistical
technigue used to explore and summarize the variation present in a multivariate
dataset. It is often used to analyze environmental data, enabling the identification of
non-obvious patterns and relationships among variables, reducing data dimensionality,
and facilitating visualization. (Hongyu et al., 2016). The similarity of soil profiles was
assessed by comparing the main soil properties at each centimeter of layer, considering
the variability of soil properties and the thickness of the diagnostic horizon. The
maximum evaluation depth was considered to be the layer that represented at least
70 % of data representativeness. Statistical differences between groups were assessed
using the Kruskal-Wallis test, at a 5 % significance level, followed by Dunn's test for
multiple comparison between groups.

RESULTS

Description according to AQP(Algorithms for Quantitative Pedology)

When evaluating the groups according to their position in the landscape (Figure 3), in
hydrogeomorphological sector 1 (High), the thickness of the tailings layer varied between
0.13 and 1.15 m, with an average of 0.55 m and a standard deviation of 30.08. The
thickness of the tailings in sector 2 varied between 0.30 and 0.88 m, with an average
of 0.6042 m and a standard deviation of 19.61. In sector 3, the thickness ranged from
0.13 to 1.08 m, with an average of 0.787 m. The lowest standard deviation (18.59) was
observed in this sector.

Not affected Sector 1 Sector 2 Sector 3

0.25m
0.75m
1.00m
1.25m
1.50m
1.75m

2.00m

Figure 3. Evaluated soil profiles by sector, with indication of affected layers (orange), unaffected soil layers (yellow), and topsoil
(green). Profiles are shown with depth to illustrate the vertical distribution of tailings across sectors of the Gualaxo do Norte River valley.
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The three groups showed similar physical signatures, including a predominance of silt
and fine sand (Figure 4). In general, similar values were observed in depth in the three
groups studied, without identifying any spatial influence on the granulometric distribution
of the analyzed soils. However, profiles from group 3 presented greater variability in the
contents of coarse sand, silt and clay. For groups 1 and 2, a tendency towards higher clay
and coarse sand contents was identified in the deeper layers, related to the presence
of layers of natural soil.

A progressive increase in the coarse sand contents was observed in the 0.05-0.15 m layer,
accompanying the increasing distance in relation to the breaking point. The observed
medians were 76 g kg in sector 1, 70 g kg in sector 2, and 130 g kg in sector 3. The
25th and 75th percentiles ranged from 40 to 103 g kg in sector 1, 45 to 170 g kg* in
sector 2 and 70 to 220 g kg in sector 3, indicating greater granulometric variability in
the sectors furthest from the impact source. Regarding the clay fraction, the medians
also indicated an increase along the plain, with 102 g kg in sector 192 g kg in sector
2 and 120 g kg in sector 3. The 25th and 75th percentiles were, respectively, 90 and
124 g kg* (sector 1), 70 and 130 g kg (sector 2) and 89.75 and 200 g kg (sector 3).

Considering all samples collected in the profiles, the median pH values were similar
among the evaluated groups, ranging from 6.53 to 6.79. According to the classification of
Alvarez et al. (1999), these soils range from weakly acidic to weakly alkaline. Phosphorus
(P) levels also showed little variation, ranging from 5.4 to 5.9 mg dm3. On the other
hand, potassium (K) and sodium (Na) levels were higher in the soils of group 2, which
resulted in a higher base saturation (75.05 %) in this group. Despite the low levels of
calcium (Ca?*), magnesium (Mg?*) and organic matter (OM) observed in the evaluated
soils, the soils of group 3 presented higher median values of these properties, which
contributed to the higher values of sum of bases (SB), effective exchange capacity (t)
and total exchange capacity (T) in this group. For soils in group 3, the median value
of Ca?* + Mg?* was 1.65 cmol. dm-3, while the median organic matter reached 0.81 %.

0.5

Depth (m)
=
=
3

1.50

0 100 200 300 400 200 400 600 100 200 300 400 100 200 300
median bounded by 25th and 75th percentiles

Figure 4. Median values of physical properties for the three Technosol groups under investigation. Red
represents profiles from Sector 1 (High), blue from Sector 2 (Medium), and green from Sector 3 (Low).
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Tables 1, 2 and 3 show the median values of the chemical properties obtained for the
different depths. In general, higher concentrations of phosphorus (P), potassium (K), and
organic matter (OM) were observed in the soil surface layers, regardless of the group
evaluated. These properties showed a tendency to decrease with increasing depth, with
the highest values recorded in the layers between 0.00 and 0.30 m. In group 1 (Table 1),
the median values of the chemical properties indicate a decline in fertility with depth.
The surface layer (0.00-0.05 m) presented higher pH (6.08), phosphorus (4.4 mg kg!),
potassium (23 mg kg?), base saturation (V = 55.6 %) and organic matter (6.7 g kg?).
Between 0.05 and 0.30 m, pH and V increased slightly, while P, K and OM decreased.
Below 0.30 m, fertility indicators reduced more sharply, with the lowest values observed
in the 1.00-2.00 m layer (pH 5.78; P 1.0 mg kg!; K1 mg kg?; V 42.7 %; MO 4.0 g kg?).

The median values of the soils in Group 2 (Table 2) indicate relative chemical uniformity
in the surface layers (0.00-0.15 m), with pH 6.28, P 5.4 mg dm=3 and K 25 mg dm=.
Between 0.15 and 0.60 m, the pH increased to 6.76, and base saturation rose from
77.6 to 85 %, despite reductions in K and P stability. Organic matter showed low values
throughout the profile and was absent below 0.30 m. In the deeper layers (0.60-2.00 m),
a decrease in fertility indicators was observed: pH decreased to 5.87, P and K fell to
0.6 and 16 mg dm?, respectively, and V to 53.9 %.

Soils in Group 3 showed greater fertility in the surface layers, with pH between 6.6 and
6.8, high levels of phosphorus (6.8 mg dm-) and potassium (50 mg dm3), and the highest
organic matter content (0.94 %) at 0.00-0.05 m. A gradual reduction in K and OM with
depth was observed, while pH remained relatively stable. Between 0.60-1.00 m, K fell
to 13 mg dm3, with moderate V (57.1 %) and OM of 6.7 g kg*. In the deepest layer
(1.00-2.00 m), pH increased to 7.0 and base saturation reached its peak (88.3 %), despite
the lower OM (4.0 g kg!) and lower levels of P (5 mg dm=3) and K (9 mg dm-3), in addition
to a significant increase in SB and t (3.76 cmol. dm3). Figure 5 presents the graphical
representation of the results for the three groups evaluated.

Comparison between the Technosols and non-affected soils

To characterize the physical and chemical properties of the Technosols, standardized
sketches of the soils studied were developed, following the methodology of Beaudette et al.
(2013), to highlight the variability of soil types (Technosols x Soils from unaffected areas).

The set of unaffected soil samples is composed mostly of profiles of Ferralsols (Latossolos),
Cambisols (Cambissolos), and Acrisols (Argissolos), as described in the region near
the affected areas. Although these soil classes are in a different position from the vast
majority of Technosols, they can occur in the affected area, as evidenced by the presence
of hillside areas. Thus, these classes serve as a reference for hillside soils and other soil
types that are not located on plains, that is, soils other than Fluvisols (Neossolos FlGvicos)
and Cambisols (Cambissolos Flivicos).

Table 1. Median chemical properties values across soil layers for Group 1 soils

Layer pH(H20) P K SB t \/ MO
m - ——mg dm?3 c¢mol, dm % g kgt
0.00-0.05 6.08 4.4 23 1.40 1.40 55.6 6.7
0.05-0.15 6.26 4.9 14 1.35 1.35 58.2 3.9
0.15-0.30 6.52 5.1 10 1.18 1.18 65.8 3.9
0.30-0.60 6.54 2.3 8 1.18 1.26 72.0 3.9
0.60-1.00 6.53 2.7 5 0.99 1.01 54.5 2.7
1.00-2.00 5.78 1.0 1 0.82 0.82 42.7 4.0

pH(H20); P: available phosphorus (mg dm3); K: exchangeable potassium (mg dm-3); SB: sum of bases (cmol. dm-3);
t: effective cation exchange capacity (cmol. dm); V: base saturation (%); MO: organic matter (g kg).
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Table 2. Median chemical properties values across soil layers for Group 2 soils

Layer pH (H20) P K SB t \' MO
m - — mg dm?3 cmol, dm-3 % g kgt
0.00-0.05 6.28 5.4 25 1.04 1.14 60.4 1.3
0.05-0.15 6.28 5.4 25 1.04 1.14 60.4 1.3
0.15-0.30 6.74 5.6 21 1.29 1.29 77.6 1.3
0.30-0.60 6.76 5.1 17 1.53 1.53 85.0 0
0.60-1.00 6.26 2.1 17 1.61 1.61 64.8 0
1.00-2.00 5.87 0.6 16 1.17 1.17 53.9 0

pH(H20); P: available phosphorus (mg dm-3); K: exchangeable potassium (mg dm3); SB: sum of bases
(cmol. dm=); t: effective cation exchange capacity (cmol. dm=3); V: base saturation (%); MO: organic matter (g kg*).

Table 3. Median chemical parameter values across soil layer intervals for Group 3 soils

Layer pH (H20) P K SB t Vv MO
m - mg dm-3 cmol. dm % g kg
0.00-0.05 6.6 6.8 50.0 1.21 1.82 58.2 9.4
0.05-0.15 6.7 6.0 39.0 1.18 1.63 58.2 6.7
0.15-0.30 6.8 5.8 22.5 1.27 1.78 55.6 6.7
0.30-0.60 6.6 4.7 20.0 1.61 1.82 53.6 8.1
0.60-1.00 6.6 5.4 13.0 1.63 1.82 57.1 6.7
1.00-2.00 7.0 5.0 9.0 3.76 3.76 88.3 4.0

pH(H20); P: available phosphorus (mg dm=); K: exchangeable potassium (mg dm-3); SB: sum of bases (cmol. dm=3);
t: effective cation exchange capacity (cmol. dm3); V: base saturation (%); MO: organic matter (g kg).

Figure 5. Median values of chemical properties for the three Technosol groups under investigation. Red: profiles from
Sector 1 (High); blue: profiles from Sector 2 (Medium); and green: profiles from Sector 3 (Low).

Rev Bras Cienc Solo 2026;50nspel:e0250071 9



Almeida et al. Technosols of Funddo dam tailings: Chemical and physical properties...

’r-
‘
Y\

Table 4, figure 6 and figure 7 show the median values of the physical and chemical properties
of Technosols at different layers, obtained using the slice-wise algorithm, obtained from
the harmonization of the layers for depths recommended by the GlobalScilMap Project
(Arrouays et al., 2014).

Granulometric analysis of the soil profile at depth for Technosols revealed significant
variations in the distribution of granulometric fractions with depth. The fine sand and
silt fractions present the highest contents in the surface layers, with values close to
441.4-442.4 g kg* for fine sand and 365.2 g kg™ for silt in the first 0.15 m, remaining
relatively constant up to 0.30 m. Coarse sand, in turn, presents lower values in the
surface layers (86.4 g kg in the 0.00-0.05 m layer) and increases progressively with
depth, reaching 143.2 g kg! in the 1.00-2.00 m layer. The silt fraction decreases
continuously with depth, from 365.2 g kg? in the first 0.15 m to 203.9 g kg? in the deepest
layer (1.00-2.00 m). Clay, although with smaller variations, shows a slight tendency to
increase in the intermediate and deep layers, with values ranging from 107 g kg at the
surface to 143.2 g kg! in the deepest layer.

Table 4. Median chemical and physical properties values across soil layers for Technosols

Layer pH P K SB t \'} MO Coarse sand Fine sand Silt Clay
m - — mg dm?3 —— cmol, dm?3 % g kgt g kgt

0.00-0.05 6.38 5.1 29 1.23 1.45 57.7 6.7 86.4 441.4 365.2 107.0
0.05-0.15 6.52 5.3 22 1.22 1.32 58.8 4.0 85.4 442 .4 365.2 107.0
0.15-0.30 6.58 5.4 18 1.22 1.45 63.0 4.0 79.4 442.5 363.6 114.5
0.30-0.60 6.6 4.7 15 1.26 1.53 60.8 4.0 92.5 439.7 343.0 124.8
0.60-1.00 6.34 3.0 12 1.24 1.26 58.2 3.9 107.4 465.1 309.3 118.2
1.00-2.00 5.87 1.0 11 1.02 1.02 53.9 1.3 143.2 509.7 203.9 143.2

pH(H,0); P: available phosphorus (mg dm-3); K: exchangeable potassium (mg dm-3); SB: sum of bases (cmol. dm3); t: effective cation exchange
capacity (cmol. dm-3); V: base saturation (%); MO: organic matter (g kg?).

Non-affected soils Technosols

Depth (m)

Figure 6. Coarse sand, fine sand, silt, and clay (g kg?) for the evaluated groups. The percentage
value indicates the relative number of soil samples that contributed to the estimate of each variable.
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Depth (m)

Non-affected soils Technosols

median bounded by 25th and 75th percentiles

Figure 7. Phosphorous (mg dm=), pH, sum of bases (SB) (cmol_dm=), CEC (cmol_dm=), V (%) and organic matter (%). Percent value
indicates the relative number of soils that contributed to this variable estimate.

Chemical analysis at depth revealed gradual variations in the properties throughout the
profile. The pH(H,0) showed relatively stable values in the surface layers, varying between
6.38 and 6.6 up to 0.60 m, indicating a slightly acidic to neutral reaction. From 0.60 m
onwards, a tendency towards acidification is observed, with the pH decreasing to 6.34 in
the 0.60-1.00 m layer and reaching 5.87 at a depth of 1.00-2.00 m. Available phosphorus
(P) levels were low throughout the profile, with the highest values observed in the surface
layers (5.1 to 5.4 mg dm3 up to 0.30 m), followed by a gradual decrease to 1 mg dm3 in
the 1.00-2.00 m layer. This behavior reflects the natural limitation of phosphorus in tropical
soils, aggravated by fixation at depth.

Potassium (K) showed a progressive reduction with depth, starting from 29 mg dm-3at the surface
to 11 mg dm between 1.00-2.00 m. Sum of bases (SB) remained relatively constant up to 0.60 m
(~1.2-1.26 cmol. dm-3), with a slight reduction at greater depths (1.02 cmol, dm-3). The effective
cation exchange capacity (t) showed a similar behavior, oscillating around 1.3-1.5 cmol, dm3 up
to 0.60 m, dropping to 1.02 cmol. dm3 in the deepest layer.

Base saturation (V%) remained above 57 % in layers up to 1.00 m, indicating soils with
moderate chemical fertility. In the 1.00-2.00 m layer, there was a reduction to 53.9 %,
evidencing the cumulative effect of acidification and the lower presence of basic cations.

Organic matter (OM) showed the highest levels at the surface (6.7 g kg! in the 0.00-0.05 m layer),
with a continuous reduction until reaching only 1.3 g kg* at 1.00-2.00 m, a typical pattern
of soils with biological activity concentrated in the upper layers.

For unaffected soils (Table 5), coarse sand presents high values in the surface layers
(302.4 g kg in 0.00-0.15 m), decreasing progressively to 230 g kg at a depth of
1.00-2.00 m, indicating a reduction with depth. Fine sand content showed little variation
along the soil profile, with similar values in surface and subsurface layers, ranging
from 149.5 to 180 g kg*. Silt remains stable in the upper layers (147.7-150.6 g kg?),
but reduces abruptly to 10 g kg at maximum depth. Clay increases gradually with
depth, from 371.7 g kg at 0.00-0.30 m to 580 g kg at 1.00-2.00 m, indicating a higher
concentration of fine particles at depth.

Unaffected soils presented chemical properties typical of naturally acidic and low-fertility
environments. The pH(H,0) varied from 5.5 at the surface (0.00-0.15 m) to 4.54 in
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the deepest layer (1.00-2.00 m), indicating increasing acidity with depth. Available
phosphorus levels were low throughout the profile (<2 mg dm=3), which is common in
highly weathered soils. Potassium levels also showed a sharp decline with depth, going
from 47 mg dm at the surface to only 2 mg dm3 in the 1.00-2.00 m layer.

Sum of bases (SB) and the effective cation exchange capacity (t) followed a similar trend,
with values decreasing in the deepest layers. Base saturation (V%) was low throughout
the profile, ranging from 25.4 to 40.45 %, except in the deepest layer, where it fell to
9.3 %, reflecting the low natural fertility of these soils. Organic matter (OM) content was
higher in the surface layers (25.5 g kg! up to 0-0.15 m), decreasing progressively with
depth until reaching 12.05 g kg at 0.60-1.00 m.

Kruskal-Wallis test (Table 6) revealed statistically significant differences (p<0.0001)
between the soil groups (Technosols, tailings and unaffected soils) for most of the
chemical variables evaluated. In general, the Technosols presented higher pH and higher
available phosphorus (P) contents throughout the profile, especially in the surface layers
(Figure 6), while the unaffected soils showed greater availability of potassium (K), greater
sum of bases (SB), effective CTC (t) and organic matter (OM) contents, especially up to
0.30 m in depth. Base saturation (V%) was more stable and higher in the Technosols.

Multivariate data analysis

The analysis of Spearman's correlation between silt and other soil parameters reveals that
there is a weak relationship between P (phosphorus availability) (0.43), pH (0.47) and base
saturation (0.40). Clay, in turn, presented a moderate correlation with aluminum (0.52), and
a weak relationship with Mg?+ and effective CEC (t), with values of 0.33 and 0.37, respectively.
Among the chemical properties of the soil, a positive correlation (0.53) was identified between
phosphorus and pH. Organic matter presented a high correlation with H+Al and CEC (T). The
CEC (T) presented a high correlation with both Mg?*.

Principal Component Analysis (Figures 8 and 9) was used to identify the structure of the
relationships between variables under study, condensing complex information into a few
interpretable dimensions. Five dimensions were obtained from the variables originally used.
Dimension 1 explained 33 % of the data variability, from the largest contribution of the
components water pH (-0.53), Mg?* (0.68), Al*+ (0.59), H+AI (0.89), tand T (0.67 and 0.94), V%
(-0.56), MO (0.61), P rem (-0.57) and Clay (0.75). This indicates that this dimension is related
to the presence of organic matter, soil acidity and clay. These variables are more correlated to
soils without the presence of tailings, with higher Aluminum, Organic Matter and Clay contents.

Dimension 2 explained 20 %, presents positive correlations with water pH (0.53), available
P contents, Ca?*, effective CEC and base saturation, indicating that this dimension may
be related to phosphorus availability and soil acidity. Dimension 3 presents a moderate
positive correlation with P-rem (-0.50) and Fine sand (-0.62) and Silt (0.64), suggesting
that there is a reduction in P-rem with the increase in silt. This dimension was more
related to the key characteristics described for the tailings.

Table 5. Median chemical and physical properties values across soil layers for non-affected soils

Layer pH P K SB t \'} MO Coarse sand Finesand Silt Clay
m - ——mgdm?3 cmol, dm-3 % g kgt

0.00-0.05 5.5 1.5 47 2.58 2.68 35.1 25.5 302.4 178.2 147.7 371.7
0.05-0.15 5.5 1.5 44 2.52 2.64 29.3 25.5 302.4 178.2 147.7 371.7
0.15-0.30 5.33 1.3 26 1.56 2.04 25.4 215 302.1 171.9 145.8 380.2
0.30-0.60 5.2 1.0 16 1.22 1.79 30.9 17.5 271.1 160.1 150.6 418.2
0.60-1.00 5.16 0.9 11 1.16 1.71 40.4 12.0 242.3 149.5 134.0 474.2
1.00-2.00 4.54 0.9 2 0.33 1.20 9.3 NA 230.0 180.0 10.0 580.0

P: available phosphorus (mg dm-); K: exchangeable potassium (mg dm3); SB: sum of bases (cmol. dm-3); t: effective cation exchange capacity (cmol. dm=);
V: base saturation (%); MO: organic matter (g kg?); coarse sand, fine sand, silt, and clay (g kg?).
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Table 6. Statistical comparison of soil chemical properties using the Kruskal-Wallis test

Variable Units Kruskal-Wallis Technosols Tailings Unaffected soils
pH(H,0) - <0.0001 6.4b 7.39c¢ 5.33a
P mg dm-3 <0.0001 4.7b 7.6b 1.3a
K mg dm-3 <0.0001 17b 10c 27a
Na+* cmol. dm-3 0.074 Oa Oa 2a
Ca?* cmol, dm-3 0.397 1.17a 0.87a 0.99a
Mg+ cmol. dm <0.0001 0.18a 0.06a 0.38b
Al3+ cmol, dm-3 <0.0001 Oa Oa 0.1b
H_Al c¢mol. dm? <0.0001 1l.1a 0.3a 3.63b
SB cmol, dm? <0.0001 1.24a 0.95a 1.46b
t cmol, dm-3 <0.0001 1.53a 0.95a 1.95b
T cmol. dm3 <0.0001 2.64a 1.45a 5.82b
v % <0.0001 59.5a 79.6a 33.8b
m % <0.0001 0a 0a 3.3b
MO g kg <0.0001 4.0a Oa 19.5b
Prem mg L <0.0001 35.3a 38.8a 25.2b

Medians (P50) of the chemical properties of Technosols, tailings layers and unaffected soils, with significance
values from the Kruskal-Wallis test. Equal letters in the same row indicate that there is no statistically significant
difference between the groups, according to Dunn's multiple comparisons test (p<0.05).

Figure 8. Spearman correlation for the physical and chemical properties of Technosols.
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Figure 9. Principal Component Analysis (PCA) based on soil physical and chemical properties. The X-axis represents the first principal
component (PC1) and the Y-axis represents the second principal component (PC2), discriminating soil layers with and without tailings.

Figure 10. Principal Component Analysis (PCA) based on soil physical and chemical properties. The X-axis represents the first principal
component (PC1) and the Y-axis represents the third principal component (PC3), discriminating soil layers with and without tailings.
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DISCUSSION

In general, the soils evaluated along the Gualaxo do Norte River presented relatively
similar chemical and physical properties, reflecting the homogeneity of the deposited
material and the dispersion pattern of the tailings along the geomorphological gradient.
Despite this uniformity, subtle variations in position within the landscape and tailings layer
thickness were observed. The upstream sectors showed greater deposition variability,
possibly associated with higher river energy and channel instability, while the lower
sector showed more regular profiles, favored by the lower slope and greater sediment
retention capacity.

In the lower stretch of the river, the tailings flow was already mixed with the eroded
material from the upstream slopes, which resulted in higher levels of coarse sand and
clay in the surface layers of the profiles in sector 3. In this area, the soils in group 3
presented higher levels of calcium, magnesium and organic matter, suggesting less direct
influence of the tailings or greater participation of natural materials. These properties
contributed to an increase in the sum of bases and cation exchange capacity, indicating
soils with better chemical balance. Even at low levels, the presence of organic matter
may be associated with residual vegetation or the beginning of natural recomposition
processes, positively influencing nutrient retention and soil structure.

The granulometric analysis of the Technosols reveals a typical pattern of recent deposition,
with a predominance of fine particles (fine sand and silt) in the surface layers and an
increase in coarse sand and clay with depth. This pattern indicates suspended deposition
of lighter particles, followed by deposition of heavier materials in the lower layers, as the
flow energy decreased throughout the event. The slight increase in clay at depth may
be associated with the presence of pre-existing soil horizons or the vertical migration
of fine particles over time.

In unaffected soils, a textural profile characteristic of highly weathered environments
is observed. The gradual reduction of coarse sand and the increase in clay with depth
indicate processes of eluviation/iluvation or pedogenetic differentiation. The sudden
reduction of silt in the deeper layers and the slight increase in fine sand may be related to
changes in the parent material or to ancient river deposition processes. From a chemical
point of view, the Technosols presented a higher pH in the surface layers, reflecting the
presence of alkali-rich tailings, such as NaOH used in ore processing. This increase in pH
reduces the natural acidity of the soils and favors greater availability of phosphorus, either
by direct release of the element or by reduced adsorption in less acidic environments.
At depth, pH and available phosphorus decrease, revealing a lesser influence of the
tailings and a predominance of the region's natural soil properties, characterized by high
acidity and strong phosphorus retention by iron and aluminum oxides. Organic matter
was concentrated in the surface layers, which reinforces the role of biological activity in
maintaining fertility in these horizons.

In unaffected soils, the chemical data reflect a typical profile of intensely weathered
tropical soils, with increasing acidity and decreasing fertility with depth. The lower
pH in the lower horizons is common in Oxisols and Ultisols under native vegetation,
and is associated with the leaching of bases and accumulation of aluminum. The low
phosphorus levels throughout the profile confirm the natural limitation of this nutrient,
strongly adsorbed by oxyhydroxides. The reduction in potassium levels, the sum of bases
and the effective CEC with depth reinforces the dystrophic character of the subsurface
horizons, evidencing the low natural fertility of these soils.

CONCLUSIONS

The collapse of the Funddo dam led to significant changes in the physical and chemical
properties of the soils affected along the Gualaxo do Norte River, particularly in the
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surface layers. The distribution of the tailings reflected the geomorphological gradient
of the basin, with greater heterogeneity of deposition in the upper reaches and greater
uniformity in the ower sectors, downstream. From a physical point of view, the Technosols
presented a greater proportion of fine particles in the upper layers, indicative of tailings
deposition with depth, a progressive increase in coarse sand and clay was observed,
possibly related to the presence of unaffected horizons or the transition to the alluvial
material. Chemically, the impacted soils exhibited higher pH and slight enrichment in
phosphorus, sodium, and potassium at the surface, in contrast to the unaffected soils,
which showed more pronounced acidity and low fertility throughout the entire profile.
Despite the greater variability found in the soils of Sector 3, most of the evaluated
profiles displayed similar behavior, indicating relative homogeneity in the soil response
to tailings deposition. Nevertheless, the influence of the tailings on fertility is limited
to the surface layers and may have implications for environmental recovery and future
land use. The natural properties of the studied Technosols indicate the potential for
promoting consistent recovery aimed at agricultural or pastoral uses, with low-impact
in situ interaction.
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