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Osório Ferreira a,* 

a Department of Soil Science, “Luiz de Queiroz” College of Agriculture, University of São Paulo, Piracicaba, SP, Brazil 
b Department of Crop and Soil Science, North Carolina State University, Raleigh, NC, United States 
c Department of Geography, University of São Paulo, Av. Prof. Lineu Prestes, 338, Cidade Universitária, 05508–900, São Paulo, SP, Brazil  
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f Grupo de Ecologia Bentônica, Departamento de Oceanografia, Universidade Federal do Espírito Santo, Vitória, ES, Brazil 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Soil clay contents and soil pH were 
higher during the wet season. 

• Higher Fe availability in the estuarine 
soils during the dry seasons. 

• Potential toxic elements bioavailability 
increased over time. 

• Climatic factors explained 48% of PTEs’ 
bioavailability in the estuarine soils. 

• Short-range ordered oxides exert control 
over PTEs’ bioavailability.  
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A B S T R A C T   

This study investigates the impact of seasonality on estuarine soil geochemistry, focusing on redox-sensitive 
elements, particularly Fe, in a tropical estuary affected by Fe-rich mine tailings. We analyzed soil samples for 
variations in particle size, pH, redox potential (Eh), and the content of Fe, Mn, Cr, Cu, Ni, and Pb. Additionally, 
sequential extraction was employed to understand the fate of these elements. Results revealed dynamic changes 
in the soil geochemical environment, transitioning between near-neutral and suboxic/anoxic conditions in the 
wet season and slightly acidic to suboxic/oxic conditions in the dry season. During the wet season, fine particle 
deposition (83%) rich in Fe (50 g kg− 1), primarily comprising crystalline Fe oxides, occurred significantly. 
Conversely, short-range ordered Fe oxides dominated during the dry season. Over consecutive wet/dry seasons, 

* Corresponding author. 
E-mail address: toferreira@usp.br (T.O. Ferreira).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2024.134592 
Received 19 December 2023; Received in revised form 9 April 2024; Accepted 10 May 2024   

mailto:toferreira@usp.br
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2024.134592
https://doi.org/10.1016/j.jhazmat.2024.134592
https://doi.org/10.1016/j.jhazmat.2024.134592


Journal of Hazardous Materials 474 (2024) 134592

2

substantial losses of Fe (− 55%), Mn (− 41%), and other potentially toxic elements (Cr: − 44%, Cu: − 31%, Ni: 
− 25%, Pb: − 9%) were observed. Despite lower pseudo-total PTE contents, exchangeable PTEs associated with 
carbonate content increased over time (Cu: +188%, Ni: +557%, Pb: +99%). Modeling indicated climatic vari
ables and short-range oxides substantially influenced PTE bioavailability, emphasizing the ephemeral Fe oxide 
control during the wet season and heightened ecological and health risks during the dry seasons.   

1. Introduction 

Seasonal flooding drives changes in the redox conditions of estuarine 
soils and sediments [1,2], which influences ecosystem structure and 
function [3–6]. During the wet season, the combined effects of sus
pended sediment deposition, increasing dissolved organic carbon con
tent, and freshwater input can promote more reducing conditions, which 
may affect the dynamics of potentially toxic elements (PTEs) in estuaries 
[3–6]. Conversely, suboxic to oxic conditions may be established during 
seasonal droughts, which may also affect the bioavailability of PTEs [7, 
8]. For example, the low water content in wetland soils during dry pe
riods may favor the oxidation of sulfides, which potentially releases 
PTEs [7,8]; these conditions may promote the formation of short-range 
Fe and Mn oxyhydroxides, which can act as a sink for PTEs [9]. 
Furthermore, in estuarine systems, physicochemical conditions, such as 
pH, Eh, and salinity, and biogeochemical processes, such as adsorption, 
complexation, precipitation, and chelation, are affected by seasonal 
hydraulic changes like rainfall variations and water flow, which ulti
mately control the differentiation and mobility of PTEs [6,10–12]. 

Previous studies have demonstrated that sulfate reduction and 
concomitant metal sulfide precipitation can decrease PTE bioavailability 
in estuarine soils [1,3,4]. However, low sulfate concentrations in 
freshwater wetlands can impair metal sulfide formation [13]. Moreover, 
in redox-active environments (e.g., estuarine soils), the reductive 
dissolution of Fe oxyhydroxides may concomitantly release PTEs asso
ciated with these Fe minerals into the aqueous phase [12,14,15]. 
Therefore, Fe oxyhydroxides may act as a source of PTEs in the envi
ronment [10,14]. Because of the importance of these coupled in
teractions, more studies, including in situ research, are needed to address 
seasonal Fe geochemical changes and their impact on PTE dynamics in 
freshwater estuaries. 

Here, we investigated the in situ seasonal changes in Fe dynamics and 
their control over PTE behavior in an estuary strongly impacted by Fe- 
rich mine tailings as a case study for the first time to understand how 
seasonal and temporal patterns affect a contaminated wetland system. 
Since 2015, the Rio Doce estuary has received Fe-rich mine tailings after 
the Fundão dam rupture in Mariana (Minas Gerais) [13,16,17]. In 2015, 
the Fundão dam rupture released more than 50 million cubic meters of 
iron mine tailings into the Rio Doce basin [18,19] The mine tailings 
traveled over 600 km until reaching the estuary 17 days after the dam 
rupture [18,19]. This disaster represents one of the largest failures of a 
tailings dam ever recorded, causing extensive ecological and cultural 
damage, as well as the death of 19 people [19]. Additionally, the total 
content of potentially toxic elements, such as Mn, Cr, Ni, Cu, and Pb, in 
the estuarine sediments increased by 2 to 5 times after the impact [16]. 
Given that, this estuary offers a unique framework for studying Fe 
reduction pathways under field conditions without the influence of 
sulfur because sulfate reduction is not favored owing to low seawater 
intrusion [13]. Moreover, seasonal soil biogeochemical changes have 
been poorly assessed in estuaries contaminated with mine tailings. 
Recent studies on estuarine bottom sediments have indicated that sea
sonal fluctuations may have a marked impact on metal contamination, 
resulting in health and ecological risks [17,18]. These impacts may be 
related to the high metal content derived from upstream river flow, 
which has continually transported tailings to the estuary since the dam 
collapsed in 2015 [19–21]. As the estuary receives most of the released 
tailings from the river basin, soil geochemical processes may play an 
essential role in retaining and releasing PTE associated with seasonal 

changes [11]. 
Therefore, alterations in soil geochemical characteristics are crucial 

for comprehending the retention and release of metals in estuarine soil 
systems and for predicting their environmental implications [10]. We 
hypothesized that greater water availability during the wet season 
would promote reduced soil conditions, favoring the dissolution of Fe 
oxides and hydroxides and the release of PTEs compared to the dry 
season. To test these hypotheses, we sampled soils from the Rio Doce 
Estuary in 2019 (dry season), 2020 (wet season), and 2021 (dry season) 
to evaluate the influence of seasonal changes on soil physicochemical 
parameters (pH and redox potential, Eh) and the bioavailability of soil 
Fe and PTEs. 

2. Material and methods 

2.1. Study area 

The study area is located in the Rio Doce Estuary, Espirito Santo State, 
Brazil ([16]; Fig. 1A). The climate in the region is classified as Aw, ac
cording to the Köppen climate classification [22]. The annual average 
temperature is 22 ◦C and the fluvial regime follows the rainfall (Fig. 1B), 
showing two marked seasons: a wet season from November to March 
(rainfall 101–212 mm month− 1 and historical streamflow average 965 
m3 s− 1) and a dry season from April to October (rainfall 53–97 mm 
month− 1 and historical streamflow average 370 m3 s− 1; [5,20]). In 
addition, the Rio Doce estuary typically has low salinities (0.05–0.65 
ppt) throughout the year (see [17]). 

2.2. Sampling and in-field measurements 

Nine soil cores were collected during low tide in the same sampling 
sites for the field campaigns of August 2019 (dry season), January 2020 
(wet season), and August 2021 (dry season) (Fig. 1). Soil sampling was 
performed using polyvinyl chloride tubes (PVC; 40 cm long with an 
internal diameter of 50 mm) previously washed with 10% HCl. After 
sampling, cores were hermetically stored at 4 ºC in an upright position 
and taken to the laboratory, where the soil cores were sectioned in 5 cm 
intervals (0–5, 5–10, 10–15, and 15–20 cm), and stored at 4 ºC. 

Additional soil samples were collected using a semi-open-face auger 
at companion sites adjacent to core locations to obtain larger volumes of 
soil samples for analyses that did not require redox preservation (e.g., 
particle size distribution). At these locations, the pH and the redox po
tential (Eh) were measured in the field using a portable pH and ORP 
meter (Hanna®, model HI-991002, Hanna Instruments, Smithfield, RI, 
USA) previously calibrated with standard solutions (pH = 4, 7, and 10). 
The redox potentials were measured using a calomel reference and 
corrected to the standard hydrogen electrode reference state 
(+240 mV). The pH and Eh measurements were performed from 0 cm to 
20 cm in 5 cm increments. After these measurements, the soil samples 
were placed in plastic bags, stored at 4 ºC, and transported immediately 
to the laboratory for further processing. 

2.3. Soil physicochemical and geochemical characterization 

Soil organic matter content (SOM) was determined using the loss-on- 
ignition method following the elimination of inorganic carbon with 
1 mol L− 1 HCl, as described by [22]. Samples were initially weighed 
after drying at 105 ºC, and then re-weighed after being heated at 450 ºC 
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in a muffle furnace for 2 h, following the procedure outlined by [23]. For 
particle size determination, soil samples (collected using a face auger) 
were dried, homogenized, and sieved through a 2 mm mesh. The par
ticles were separated and quantified using the sieve pipette method 
[24]. Briefly, samples were dispersed in 4% sodium hexametaphosphate 
for 16 h, and the sand was separated by sieving, and clay was separated 
from silt by pipetting based on Stokes’ law. 

The geochemical fractionation of Fe and PTEs (Mn, Cr, Cu, Ni and 
Pb) was performed using fresh soil samples (collected in PVC tubes). 
Two grams of soil were taken from the center of each core to avoid 
contact with atmospheric air. To prepare the solution, type 1 ultrapure 
water was bubbled with N2 for one hour, and the extractant solutions 
were prepared using high-purity chemicals (at least 99% purity). Six 
operationally different fractions [2,24] were sequentially obtained. 

1 Exchangeable and soluble Fe and PTEs (EX): The sample (1.0 g) 
was shaken for 30 min in 30 ml of 1 mol L− 1 MgCl2 solution (pH 7.0). 

2CA-Fe and PTEs associated with carbonates were shaken for 5 h in 
30 ml of 1 mol L− 1 sodium acetate solution (pH 5.0). 

3FR – Fe and PTEs associated with ferrihydrite: shaken for 6 h at 
30 ◦C in 30 ml of 0.04 mol L− 1 hydroxylamine + 25% acetic acid (vol/ 

vol) solution. 
4LP – Fe and PTEs associated with lepidocrocite: shaken for 6 h at 

96 ◦C in 30 ml of 0.04 mol L− 1 hydroxylamine + 25% acetic acid (vol/ 
vol) solution. 

5CO - Fe and PTEs associated with crystalline Fe oxyhydroxides (e.g., 
goethite and hematite): shaken for 30 min at 75 ◦C in 20 ml of 
0.25 mol L− 1 sodium citrate + 0.11 mol L–1 sodium bicarbonate with 
3 g of sodium dithionite. 

6PY - Pyritic Fe (PY): after eliminating the Fe and PTEs associated 
with silicates using 10 mol L–1 HF and the organic phase using 
concentrated H2SO4, the pyritic phase was extracted by shaking the 
residue for 2 h at room temperature with 10 ml of conc. HNO3. 

The easily available (EA) fraction was considered the sum of frac
tions 1 and 2 (i.e., EX and CA contents) [25,26]. The pool of Fe associ
ated with short-range ordered Fe oxides (SRO) were considered the sum 
of the fractions 3 and 4 (i.e., FR and LP contents). The pseudo-total 
concentrations of Fe and other PTEs (Mn, Cr, Cu, Ni and Pb) were 
calculated as the sum of all fractions. 

Fig. 1. A. Sampling locations at the Rio Doce estuary (A; n = 9); B. Annual variability in precipitation and temperature in the estuarine region during the sampling 
period (April 2019 to October 2021). C. Soil profile in the 2019 dry season. D. Soil profile of the 2020 wet season. Climate data were obtained from the Brazilian 
National Institute of Meteorology (Inmet) database. Data were collected from an automatic station (A614) in Linhares, Espirito Santo, Brazil. 
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2.4. Fe and PTEs determination in analytical extracts 

The Fe and other PTE concentrations in the extracts were determined 
in triplicate by using inductively coupled plasma-optical emission 
spectrometry (ICP-OES, 1Cap6300 Duo model, Thermo Fisher Scienti
fic®, Waltham, MA, USA) according to the 6010 C protocol from USEPA 
[27]. Calibration solutions were prepared by diluting certified standard 
solutions (Sigma–Aldrich, St. Louis, MO, USA). For quality assurance, 
certified reference solutions were used as analytical check standards, 
with the measured values varying between 90% and 110% of the known 
values. 

2.5. Statistical analysis 

Because the data did not show a normal distribution, the soil pa
rameters (pH, Eh, particle size, and Fe and PTEs pseudo-total contents 
and fractions) were compared between seasons (dry 2019, wet 2020, 
and dry 2021) using the Kruskal-Wallis non-parametric test, and aver
ages (n = 36; nine sites per season × four depths of soil collection per 
site) were compared using the Dunn test (Table S1). Principal compo
nent analysis (PCA) was applied to the data obtained in two contrasting 
seasons (wet season, January 2020, and dry season, August 2019 and 
2021) to explain the data variability through soil variable modeling (pH, 
Eh, particle size distribution, and geochemical fractionation of Fe and 
other PTEs) using a linear combination of factors and error terms 
(Table S3). The variables kept were chosen to maximize the explained 
variability in the lowest number of components possible. To guarantee 
the reliability of the analysis, a parallel analysis was done to test how 
many PCs are significant. The bootstrap resampling (number of in
teractions equal to 1000) was applied to guarantee data normality 
during parallel analysis. In addition, mixed-effects linear models were 
developed to predict the parameters that could exert control over PTEs 
bioavailability through stepwise backward elimination. The parameters 
were divided into three categories: i) climatic data (monthly average 
temperature and total precipitation), ii) soil physical and chemical at
tributes (clay content, pH, potential redox potential, and organic matter 
content), and iii) soil geochemical attributes (pools of geochemical 
fractionation: EX, CA, FR, LP, CO, and PY). The significant variables in 
each equation were selected to express the highest conditional R2 and 
Akaike’s information criterion (AIC), minimizing data loss (Table S3). 
All statistical analyses were performed using R software ([28]). 

3. Results 

3.1. Seasonal effects on soil physicochemical conditions and particle-size 
distribution 

The soil organic matter content did not differ between the seasons 
(Table S1) and were, on average, 15.2% (Fig. S2). Soil particle size 
changed significantly over time (Fig. 2; Table S1), particularly in the 
upper layer (0–5 cm). Fine particles (clay content) increased from 
299 g kg− 1 during the dry season (2019) to 441 g kg− 1 during the wet 
season (2020; Fig. 2). The only layer with a significant increase in clay 
contents was the upper soil layer (0–5 cm) (Table S1). In the following 
dry season (2021) fine particles content remained at 441 g kg− 1 (Fig. 2). 

Physicochemical parameters (pH and Eh) also showed clear seasonal 
fluctuations (Fig. 3A; Table S1). In the dry seasons of 2019 and 2021, 
mean pH values recorded were 5.2 ± 0.2 (Fig. 3A). In contrast, during 
the wet season of 2020, pH was 6.2 ± 0.4 (Fig. 3A). In contrast, the Eh 
values were higher during the dry seasons (+290 ± 92 mV) when 
compared to the wet season (− 40 ± 170 mV; Fig. 3B; Table S1). 

3.2. Seasonal effects on pseudo total contents of Fe and PTEs 

The pseudo-total Fe content in the Rio Doce estuarine soil also 
changed seasonally (Fig. 4). The pseudo-total Fe contents was 2.7-fold 

higher in the 2020 wet season (50.5 g kg− 1; Fig. 4A) than in the dry 
seasons of both 2019 and 2021 (18.7 g kg− 1; Fig. 4A). The pseudo-total 
Mn content in soils was 1.6-fold higher in the wet season of 2020 
(420 mg kg− 1; Fig. 4B) than in the dry season (264 mg kg− 1; Fig. 4B). 

Similar to the concentrations of Fe and Mn, Cr and Ni showed higher 
pseudo-total concentrations during the wet season (Figs. 4C and 4E). Cr 
contents in the soils during the 2020 wet season were 1.9-fold higher 
(49.9 mg kg− 1, Fig. 4C) than in the dry seasons (25.9 mg kg− 1, Fig. 4C). 
Similarly, the Ni content in the soils during the 2020 wet season was 1.4- 
fold higher (5.7 mg kg− 1, Fig. 4E) than that in the dry season 
(4.0 mg kg− 1, Fig. 4E). Soil Cu pseudo-total content was higher in the 
2020 wet season (12.7 mg kg− 1; Fig. 4D), with lower contents in the 
2019′s dry season. Similarly to Cu total contents in soils, for Pb there was 
a 99% increase in its total pseudo content between the dry season of 
2019 (11.1 mg kg− 1; Fig. 4F) and the following wet season 
(22.1 mg kg− 1; Fig. 4F). Between the 2020 wet season and the next dry 
season, the Pb pseudo-total content did not change (20.2 mg kg− 1; 
Fig. 4F). 

3.3. Seasonal effects on the geochemical partitioning of Fe and PTEs 

Fe concentrations in the different soil fractions are shown in Fig. 5. 
The Fe oxide (short-range ordered SRO and crystalline oxide-CO) frac
tions were predominant, comprising more than 99% of the extractable 
Fe. In addition, all the Fe fractions (easily available and associated with 
Fe oxides) exhibited clear seasonal trends (Fig. 5). Greater EA-Fe con
tents were observed during the dry seasons (103.2 mg kg− 1; Fig. 5A) 
than in the wet season (17.2 mg kg− 1; Fig. 5A). In contrast, the SRO-Fe 
content was higher in the wet season (14,000 mg kg− 1; Fig. 5B) than in 
the dry season (6368 mg kg− 1; Fig. 5B). This pattern was also observed 
for CO, with greater Fe content in the wet season of 2020 
(36,444 mg kg− 1; Fig. 5C) than in the dry season (12,176 mg kg− 1; 
Fig. 5C). 

In contrast to Fe, the geochemical fractions of Mn showed different 
seasonal trends (Fig. 6). The readily available Mn (Mn-EA) contents in 
soils decreased over time, with the dry season of 2019 (59.8 mg kg− 1; 
Fig. 6A) exceeding the 2020 wet (37.7 mg kg− 1; Fig. 6A) and the 2021 
dry (35.2 mg kg− 1; Fig. 6A) seasons. In contrast, the soil contents of Mn 
associated with short-range ordered oxides (Mn-SRO), as with the total 
Mn contents (Fig. 5B), did not change significantly and averaged 
223.7 mg kg− 1 (Fig. 6B). The soil content of Mn associated with crys
talline oxides (Mn-CO) was greater in the 2020 wet season 
(100.3 mg kg− 1; Fig. 6C) than in the dry seasons (22.5 mg kg− 1; 

Fig. 2. Soil clay contents in samples from the soil surface (0–5 cm) during the 
three studied seasons at Rio Doce estuary. Medians followed by the same letter 
did not differ from the non-parametric Kruskal-Wallis test (p > 0.05). 
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Fig. 6C). 
The PTEs associated with short-range ordered oxides (SRO) were 

significantly affected by seasonality, showing higher concentrations in 
the wet season for all the PTEs studied (Figs. 7B, 7E, 7H, and 7 K). This 
pattern mirrors the trends observed for the Fe and Mn SRO fractions (cf. 
Figs. 5 and 6). However, the crystalline oxide fraction (CO) did not show 
the same pattern for all the PTEs. A higher Cr-CO content in the soil was 
recorded in the wet season than in the dry season (Fig. 7C). The Cu-CO 
content increased 8.5-fold between 2019 and 2021 (Fig. 7F). In contrast, 
the Ni-CO contents decreased 3-fold during the same period (Fig. 7I). Pb- 
CO did not change over time, with values averaging 2.1 mg kg− 1 

(Fig. 7A). The soil content of readily available fractions (i.e., EX and CA) 
increased over time for all PTEs, except Cr (Figs. 7A, 7D, 7G, and 7 J). Cr- 
EA contents decreased 4.1-fold between 2019 (1.7 mg kg− 1; Fig. 7A) 
and 2021 (0.4 mg kg− 1; Fig. 7A), whereas Cu, Ni, and Pb increased 2.9, 
6.6, and 1.9-fold over time, respectively (Figs., 7D, 7 G, and 7 J). 

3.4. Modeling of seasonal effects on the readily available contents of PTEs 

Linear regression using stepwise backward elimination resulted in 
four equations for predicting the readily available Mn, Cr, Ni, and Pb 
content (i.e., EA-Mn, EA-Cr, EA-Ni, and EA-Pb) in the studied estuarine 
soils (Table 1). Modeling showed that climatic data (i.e., monthly 
average temperature in Celsius degree and total precipitation in mm) 
contributed 48% of the total weight (Fig. S1; Table S2), followed by 
physical and chemical data (pH, Eh, and soil organic matter, contrib
uting 29%; Fig. S1; Table S2) and geochemical fractions (23%; Fig. S1; 
Table S2). Total precipitation was the most important climatic factor for 
all EA-PTEs studied, whereas soil organic matter content (Fig. S2) and 
pH were the most critical physicochemical factors (Table 1). Regarding 
geochemical factors, more available fractions (Fe-EX and Fe-CA) exerted 
significant control over the contents of easily available PTEs and short- 
range ordered oxides (FR and LP), which also contributed positively to 
higher EA-PTEs contents (Table 1). 

Fig. 3. Soil pH (A) and redox potential (Eh; B) during the different seasons at Rio Doce estuary. Soil depths totaled 36 replications (9 sites × 4 depths). Dotted lines 
and shadow areas delimited geochemical environments, according to Otero et al. (2009). Medians followed by the same letter did not differ from the non-parametric 
Kruskal-Wallis test (p > 0.05). 

Fig. 4. Pseudo-total concentrations of Fe (A), Mn (B), Cr (C), Cu (D), Ni (E), and Pb (F) in the soils of Rio Doce estuary during the different seasons of 2019 to 2021. 
Medians followed by the same letter did not differ from the non-parametric Kruskal-Wallis test (p > 0.05). 
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3.5. Principal component analysis (PCA) 

Data variability was constrained by two principal components that 
explained 66.1% of the variance (Table S4). Principal component 1 
(PC1) accounted for 44.8% of the variance and showed a contrast be
tween the total precipitation, pH, clay content, Cr-SRO, Cu-SRO, Ni- 
SRO, Pb-SRO, Fe-OX, Eh, sand content, and Fe-SRO (Fig. 8). Principal 
component 2 (PC2) explained 21.3% of the total variance and had 
maximum positive loadings for Eh and sand content and negative 
loadings for clay content and pH (Fig. 8). 

4. Discussion 

4.1. Seasonal control over the physical and chemical environment 

Our results showed a clear seasonal effect on soil composition and 
physicochemical properties (i.e., soil particle size, pH, and Eh; Figs. 2 
and 3; Table S1). The Rio Doce Basin has greater fluvial discharge, 
turbidity, and total suspended solid content during the wet season than 
during the dry season [19,21], favoring soil estuarine accretion. Queiroz 
et al. [15] showed a thickening of soils formed at the Rio Doce Estuary 

toward the surface by adding mineral particles, mainly fine particles, 
especially crystalline Fe oxides Fe-OX, due to mine tailing transportation 
from the river basin to the estuary. 

By comparing the particle size distribution along the Rio Doce Basin 
before and after the Fundão Dam rupture, Duarte et al. [29] found that 
Fe mine tailings, predominantly silt–clay, were incorporated into the 
original sandy river sediments, altering the particle size composition of 
estuarine soils. Mixed silt-clayey can be carried downstream, particu
larly during seasonal flooding in the wet season (Fig. 2). Thus, an in
crease in the fine particle content, especially on the soil surface, is 
associated with the seasonal deposition of Fe mine tailings after dam 
rupture [13,15–17,29]. Mixed silt-clayey material deposition can affect 
soil properties, ecosystem structure, and function [30]. For instance, 
higher fine particle contents can lead to higher soil cation exchange 
capacity (CEC) owing to the high surface area of silt-clayey material 
[31], which affects the retention capacity of PTEs in soils. In addition, 
fine particle deposition favored plant colonization on islands that were 
not vegetated before the disaster, increasing the soil’s organic carbon 

Fig. 5. Seasonal changes in the different geochemical fractions of Fe in soils 
from the Rio Doce estuary during the different seasons from 2019 to 2021. EA- 
readily available (A); SRO- short-range ordered oxides (B) and CO- crystalline 
oxides (C). Medians followed by the same letter did not differ from the non- 
parametric Kruskal-Wallis test (p > 0.05). 

Fig. 6. Seasonal changes in the different geochemical fractions of Mn in soils 
from Rio Doce estuary in the different seasons from 2019 to 2021. EA- readily 
available (A); SRO- short-range ordered oxides (B) and CO- crystalline oxides 
(C). Medians followed by the same letter did not differ from the non-parametric 
Kruskal-Wallis test (p > 0.05). 
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contents (see [15]). 
Seasonality also influenced pH and Eh (Fig. 3). Lower redox poten

tials were observed in soils during the wet season (Fig. 3B). Higher river 
discharge can explain the maintenance of suboxic and anoxic soil en
vironments because it increases soil waterlogging and reduces aeration 
[6,32]. The oxygen diffusion rate in water-filled pores drastically de
creases [33], causing microorganisms to use anaerobic pathways for 
organic matter oxidation. Alternative electron acceptors will be used (e. 
g., oxides and hydroxides of Fe and Mn), and reducing conditions will be 
established [34,35]. Suboxic/anoxic conditions also explain the more 
alkaline pH during the wet season (Fig. 3A) because the reduction re
actions consume protons, leading to a circumneutral pH (see Eqs. 1 and 
2; [4]). This close relationship between pH and Eh was highlighted by 

the higher loads and opposite directions between the pH and Eh vectors 
for Factor 2 (Fig. 8, Table S3).  

Fe3O4 + 8 H+ + 2 e- → 3 Fe2+ + 4 H2O                                          (1)  

MnO2 + 4 H+ + 2 e- → Mn2+ + 2 H2O                                           (2) 

We found that the Rio Doce estuarine soils maintained suboxic con
ditions continuously during the dry season (i.e., +350 > Eh >+100 mV; 
Fig. 3B). This could be a result of the mixed silt–clay material overlying 
the sand material (Fig. S3). Vepraskas et al. [36] showed that the water 
content could remain high, and Fe-reducing conditions could occur even 
under unsaturated conditions if silty clay loam material overlies coarse 
sand because fine-textured materials can hold water owing to their 

Fig. 7. Seasonal changes in the different geochemical fractions of PTEs in soils from Rio Doce estuary in the different seasons from 2019 to 2021. EA- readily available 
(A, D, G, and J); SRO- short-range ordered oxides (B, E, H, and K) and CO- crystalline oxides (C, F, I and L). Medians followed by the same letter did not differ from the 
non-parametric Kruskal-Wallis test (p > 0.05). 
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matrix potential, preventing downward movement until full saturation 
[36]. Daily soil flooding due to tidal effects, especially in deeper layers 
[15] and continuous carbon addition to the soil by plants [15] also 
contribute to suboxic conditions. 

The lower pH observed during the dry season results from the 
oxidation of reduced species, the release of protons (e.g., Fe2+ form; Eq. 
3), and the formation of SRO Fe oxides [4,37,38]. The role of acidic root 
exudates in proton production must also be considered [39,40]. Under 
slightly acidic conditions (pH ~5), further solubilization of SRO Fe ox
ides can occur, releasing the adsorbed PTEs. Slightly acidic conditions 
maintain the dissolved metallic cationic species (e.g., Ni, Cr, Cu, and 
Pb), contributing to their removal.  

Fe2+ + ¼ O2 + 3/2 H2O → FeOOH + 2 H+ (3)  

4.2. Seasonal control over Fe geochemistry in estuarine soils impacted by 
mine tailings 

The seasonal deposition of Fe-enriched fine particles affected the 
pseudo-total Fe content and Fe geochemical partitioning (Figs. 4 and 5). 
The Fe pseudo-total content increased 3.4-fold from the 2019 dry season 
to the 2020 wet season (Fig. 4A), as Fe-rich tailings, mainly composed of 
Fe oxides, were preferentially deposited during the wet season (Figs. 5B 
and 5C). Furthermore, in the first few days after the arrival of mine 
tailings in the estuary, the Fe content increased in the soil surface 
(0–3 cm) compared to deeper soil layers (e.g., 15–30 cm), which were 
composed mainly of sand [13,16]. Thus, the predominance of Fe-CO 
forms in the wet season (average: 72%; Fig. 5C) is consistent with the 
seasonal deposition of mixed silt-clayey material. Indeed, Queiroz et al. 
[15] reported that newly deposited tailings in estuarine soils were 
mainly composed of Fe-CO two years after the disaster. These Fe min
erals are less prone to reductive dissolution than SRO Fe oxides [4,41]. 
In addition, the circumneutral pH during the wet season (Fig. 3A) can 
provide a geochemically stable environment for recently deposited Fe 
oxides (Gotoh and Patrick, 1974). However, seasonal variability in the 
estuarine soil physicochemical environment favored Fe-reducing con
ditions (i.e., suboxic and acidic conditions in the dry seasons; Fig. 3), 
which resulted in significant losses of Fe between the 2020 wet season 
and 2021 dry season (− 55%, Fig. 4A). 

From the wet to the dry season, the Fe-CO pools likely dissolved to 
Fe2+, which could be incorporated into the EA-Fe pools (Fig. 5A). 
However, dissolved Fe can also precipitate as SRO fractions (e.g., on hot 
spots of oxygen, such as surrounding roots). During the 2020 (wet sea
son), SRO represented 28% of the pseudo-total Fe content, whereas in 
the dry seasons (2019 and 2021), it represented 36% of the total Fe 
content and became the main fraction (Fig. 5B). 

Redox fluctuations during the dry season may enhance the SRO 
precipitation [42,43]. Higher temperatures during the dry season 
(Fig. 1B) may increase the evapotranspiration of estuarine plants [44, 
45], which can reduce the water content in soils [46], increase Eh [47] 
and promote a favorable environment for SRO Fe oxide precipitation. 

4.3. Seasonality of Fe geochemistry and its control over the fate of PTEs 

The seasonal effects of Fe geochemistry also affect the dynamics of 
other PTEs [7,8]. Our findings indicate a clear seasonal effect on the 
total content (Fig. 5), with a significant increase from the dry season to 
the wet season and a decrease from the wet season to the next dry season 
(Fig. 5). The arrival of Fe-rich crystalline fine materials (Figs. 3, 4, and 
5A) during the wet season could immobilize PTEs. However, the loss of 
Fe (~ 47 g kg− 1 of released Fe; Fig. 5) from the wet season to the 
following dry season indicated the potential dissolutive reduction of Fe 
oxides. Thus, in the dry season, Fe-SRO and Fe-CO can temporarily 
control PTE bioavailability because, in the following dry season, most of 
this fraction undergoes reductive dissolution (Fig. 5). 

Continuous PTE release poses hazards to the biota over time, as the 
EA content of Cu, Ni, and Pb increased, on average, by 281% in two 
years (Fig. 6). This increase probably resulted from the decrease in Fe 
crystallinity over time, leading to a high susceptibility to the dissolution 
of the SRO Fe forms [10,15]. Therefore, our findings revealed that 
seasonality exerts an essential control on estuarine soils contaminated 
by mine tailings, altering their capacity to immobilize PTEs (Table 1, 
Fig. S1). This was further corroborated by the higher contribution of 
climatic factors, mainly precipitation, to PTEs bioavailability modeling 
(48% of the models were explained by precipitation and temperature 
data). 

Climatic factors affected the physicochemical environment (Figs. 2 
and 3), and pH was a significant driver of PTE availability (Table 1). 
Physicochemical factors like pH affect the maintenance of Fe oxide in 
the wet season, whereas a lower pH favors Fe losses in the dry season. 
The modeling showed that Fe and other PTEs associated with SRO forms 

Table 1 
Summary of the mixed-effect linear model for PTEs bioavailability obtained via 
stepwise backward elimination* .  

Dependent 
Variable 

Equation R2 

EA-Mn 0.029 *PREC − 1.53 *SOM + 0.16 *Fe-CA + 0.01 *Fe- 
FR + 0.13 *Mn-FR - 0.14 *Mn-LP + 35.9  

0.623 

EA-Cr 1.52 *PREC - 0.005*TEMP - 0.52 *pH + 0.013*Fe-EX 
+ 0.225 *Cr-FR - 0.32  

0.624 

EA-Ni 1.92 *PREC - 0.006 *TEMP + 0.54 *Ni-FR + 44.3  0.408 
EA-Pb 0.013 *PREC - 0.0001 *Fe-CO + 0.27 *Pb-FR 

+ 0.14 *Pb-LP + 1.306  
0.367 

*AIC, F-statistic, and RSE are presented in Supplementary Information 
(Table S3). EA: easily available fractions (sum of exchangeable and carbonate- 
associated contents in mg kg− 1); PREC: total precipitation in mm; TEMP: 
average temperature in Celsius degree; SOM: soil organic matter content in %; 
CA: Fe and other metals associated with carbonates in mg kg− 1; FR: Fe and other 
metals associated with ferrihydrite in mg kg− 1; LP: Fe and other metals associ
ated with lepidocrocite in mg kg− 1; CO: Fe and other metals associated with 
well-ordered oxides (e.g., hematite and goethite) in mg kg− 1. 

Fig. 8. Principal component analysis of climatic data (monthly total precipi
tation), soil physicochemical parameters (pH, redox potential - Eh), particle size 
distribution, and geochemical fractions of Fe and other PTEs in estuarine soils 
at three seasons (wet - January 2020; and dry seasons - August 2019 and August 
2021). CO: crystalline Fe oxides; SRO: short-range ordered Fe oxides. Variables 
were selected to maximize the data variability explained. 
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had higher loads on geochemical factors, highlighting the crucial role of 
these fractions in PTE bioavailability (Table 1). During the dry season, 
an acidic and suboxic soil environment (Fig. 3B) enhanced Fe oxide 
dissolution (SRO and CO forms), promoting its decrease in the soil 
(Fig. 6) and its release into the water, which could potentially decrease 
the water quality of Rio Doce in the estuary. 

Based on our findings, we propose the following conceptual model 
(Fig. 9): during the wet season, fine particles, mainly composed of 
crystalline Fe oxyhydroxides, can be deposited in estuarine soils. From 
the wet to the dry season, Fe oxyhydroxides probably dissolve due to 
acidic and suboxic conditions, and then release both Fe and the associ
ated PTEs (e.g., Mn, Cr, Cu, Ni, and Pb), decreasing their pseudo-total 
contents, and increasing their bioavailability. In the following dry sea
son, short-range ordered Fe and Mn oxyhydroxide (SRO) precipitation 
can occur because of short oxic periods, especially near the root chan
nels, favoring PTE adsorption in these fractions. However, these SROs 
are more prone to redissolution, which can increase the potential 
mobility of PTEs in estuarine soils. This scenario could explain the high 
losses of Fe, Mn, Cr, Cu, Ni, and Pb from soils during the wet and dry 
seasons (Fig. 5), posing severe risks to estuarine environmental health. 

5. Concluding remarks and environmental implications 

The estuarine soil geochemical environment was affected by sea
sonal changes (precipitation), which also affected Fe oxyhydroxide dy
namics and its capacity to retain PTEs such as Mn, Cr, Cu, Ni, and Pb. 
From the wet to dry seasons, Fe oxide dissolution promoted a decrease in 
the pseudo-total Fe content, representing a loss of 79% over the two 
years. Furthermore, we observed a 281% increase in easily available 
forms of PTEs in two years, elevating environmental risks, especially 
during the dry season. Fishing is an important economic activity in the 
region and has been banned since the arrival of tailings in the estuaries 
in 2015. This study can help regulate artisanal and professional fishing 

by defining times of lower risk for carrying out these activities. 
Although several studies have shown that estuarine soils can act as 

sinks for PTEs [48,49], our data indicated that this depends on the 
seasons (Table 1). Our data showed a loss of Fe and other PTEs from the 
wet to the dry season (Fig. 3) of up to 65.7 ton ha− 1 of Fe, coupled with 
significant losses of Mn (216 kg ha− 1), Cr (30.6 kg ha− 1), Cu 
(5.6 kg ha− 1), Pb (2.6 kg ha− 1) and Ni (2.0 kg ha− 1). These losses can 
potentially affect estuarine environments and serve as sources of iron 
and PTEs in the ocean. Our data suggest that the intensity of this 
contribution is markedly affected by season and could affect the 
ecosystem services provided by these environments (e.g., carbon and 
PTEs sequestration). Finally, the present work underscores the signifi
cance of conducting seasonal studies to understand real-time 
geochemical dynamics in estuarine soils better. This approach con
trasts studies employing a “snapshot” methodology, which relies on 
single campaign-based sampling. 
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