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Highlights

Highlights

e Values for trace metals and P were high before the Funddo dam failure in 2015

e P was mainly in the truly dissolved and DGT-labile fractions

e Increase of colloidal Fe reduced P in the DGT-labile fraction

e Most of total dissolved Cu was found in the colloidal fraction in Conceicéo River
e Differences between dry and wet seasons for Co, Fe and Ni detected by SO-Maps
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Abstract

The knowledge of size-distribution and lability of metals and nutrients in freshwater systems is
important for estimation of the ecological effects of mining. However, it is still limited in
several mining areas such as the Quadrilatero Ferrifero (Brazil) which was severely polluted by
the collapse of the Fund&o tailings dam in November 2015. In this study, results of an
investigation from 2014 using a neural network named self-organising map (SO-Map) into the
conditions of selected trace metals that are of particular importance to mining areas (Cr, Cu,
Co, Mn, Ni, Pb, Zn) are presented. Additionally, P was considered by its high importance as a
nutrient and sites later affected by the dam burst were also included by chance. Water samples
were collected at six sites in dry and rainy seasons and filtered and ultrafiltered for
determination of total dissolved (< 0.45 pm) and truly dissolved (< 1 kDa) fractions. Diffusive
gradients in thin films (DGT) devices were deployed in situ for determination of the DGT-labile
fraction. All data were analysed using SO-Map and Spearman’s rank correlation. Phosphorus
in the Carmo River occurred mainly in the truly dissolved and DGT-labile fractions. The higher
amounts of this element in the river water (up to 263 pg L™ of total P) might be related to
untreated sewage discharge. Moreover, the concentrations of other trace metals (Mn, Cu, Co,
Ni, Zn) were high, even under the "natural” conditions (before the dam failure) due to natural

and anthropogenic factors such as local lithology and mining.

Keywords: size fractionation, diffusive gradients in thin films, ultrafiltration, Kohonen neural

network, mining impacts
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1. Introduction

The Quadrilatero Ferrifero is a well-known mineral province located in the state of
Minas Gerais, in southeast of Brazil (Deschamps et al., 2002; Varcjao et al., 2011). The gold
and iron mining has caused several negative impacts in this region, including soil erosion and
contamination of water, sediments, and soils (Deschamps et al., 2002; Roeser and Roeser, 2010;
Varcjao et al., 2011; Gontijo et al., 2016). The construction of several tailings dams for storing
wastes from mining activities has also become problematic, particularly by leaking of mine
wastes and the collapse of tailings dams (Rodrigues et al., 2014; Santamarina et al., 2019). The
accident near the city of Mariana in November 2015 (collapse of the Fundé&o tailings dam) for
instance released more than 40 million m® of mining waste into the Upper Doce River
catchment (Carmo et al., 2017; Vergilio et al., 2020).

Since the behaviour and fate of metals and metalloids in rivers are dependent on their
chemical form, it is of high interest to study size-distribution and lability of metals and nutrients
in aquatic systems. Metals and nutrients may be adsorbed in suspended particles, incorporated
in living organisms, complexed with organic or inorganic ligands, or appear as free (hydrated)
ions. These different forms have different mobility, toxicity and bioavailability in the
environment (Buffle, 1991). As a result, the sole determination of total and even total dissolved
concentrations of a given element is not sufficient to predict its effects on aquatic systems
(Morel, 1983).

An important approach that can be used to better investigate trace metal speciation and
mobility of metals and metalloids is size fractionation of water samples. Filtration and
ultrafiltration (UF) are examples of techniques generally used for fractionating a given element
into particulate, total dissolved, colloidal, and truly dissolved fractions, according to the used
operational definition (Singhal et al., 2006; Gontijo et al., 2017a). While the species in the
particulate fraction have low mobility and bioavailability, species in the truly dissolved fraction

are more mobile and potentially bioavailable (Allen and Hansen, 1996; Wen et al., 1997).
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The technique of diffusive gradients in thin films (DGT) can be used complementarily
to UF. It is able of detect in situ labile species (including free species and DGT-labile
complexes) which may be more bioavailable in water systems (Forsberg et al., 2006; Tonello
et al., 2007; Rougerie et al., 2021). DGT devices are deployed in aqueous environments where
metal ions diffuse through a diffusive boundary layer, a gel layer and accumulate in the binding
layer of the sampler. The concentration of the metals accumulated in the binding layer during
the deployment time is then measured and used to calculate the metal flux through the gel layer
and the amount of labile species in the water (Davison and Zhang, 1994). These labile species
are basically the ones able to dissociate and reach equilibrium along the diffusion medium
during the deployment time (van Leeuwen and Jansen, 2005; Garmo et al., 2006; Sans-Dufio et
al., 2021). Then, DGT is considered a dynamic technique since it represents the flux of metal
species to the device (van Leeuwen et al., 2005).

The investigation of water quality and metal fractions requires the measurement of many
variables that generates a huge amount of data. The analysis of these data and the complex
relationship among variables requires the use of exploratory tools with good visualisation
capabilities (Cinar and Merdun, 2009; Gontijo et al., 2021). The self-organising map (SO-Map),
also known as Kohonen neural network, is an example of such tools. It is a type of neural
network used for clustering and visualisation that converts high-dimensional data in a low-
dimensional space, typically a two-dimensional grid of nodes (neurons) forming a rectangular
map (Vesanto, 1999; Kohonen, 2001; Brereton, 2012).

This investigation has the objective to determine the distribution Cr, Cu, Co, Mn, Ni,
Pb, Zn and P in the fractions total, total dissolved, truly dissolved, and DGT-labile in samples
from rivers and streams in an area impacted by iron and gold mining using SO-Map. Sampling
was carried out before the collapse of the Fundéo tailings dam and included sites in the affected
area. In this sense, our study can be a basis of comparison for the assessment of the

contaminating effect of the dam failure. The presence of several tailings dams in the catchment
4



97  also requires continuous monitoring of truly dissolved and DGT-labile metal and nutrient
98  species for mobility and toxicity prediction. This type of study is still scarce in such impacted
99 areas and may contribute to understand the effect on mining activities on metal distribution,

100 mobility, and lability.

101

102 2. Material and methods

103 2.1. Study site and sampling

104 Six sampling sites (S1, S3, S4, S6, S7 and S9, Fig. 1) were investigated in Upper Doce

105 River catchment in rainy and dry season (February and October, respectively) of 2014.
106  Conductivity (uS cm™), total dissolved solids (TDS, mg L™?), pH and temperature (°C) were

107  measured in situ using a multi-parameter probe Ultrameter |1 (Myron L Company).
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110  Fig. 1 Sampling sites (S1, S3, S4, S6, S7 and S9), mining areas and tailing dams in Upper Doce

111 River catchment (in Quadrilatero Ferrifero, QF). Mining areas and tailing dams were delineated
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using cloud-free Landsat 8 imagens taken from path 217 and row 74 on 11" October and 12%"
November 2015. The images were acquired from the U.S. Geological Survey (USGS) Earth

Explorer webpage (https://earthexplorer.usgs.gov/, accessed in December 2020). All

delineations were performed using the software ArcGis 10.5 (ESRI, USA).

The sampling sites were originally selected to investigate the As, Al and Fe distribution
in rivers from Quadrilatero Ferrifero and the influence of dissolved organic matter on it (Gontijo
et al., 2016). However, the presence of several dams in the Doce River catchment and the dam
collapse in 2015 nearby the city of Mariana makes the investigation of the distribution of the
trace metals Cr, Cu, Co, Mn, Ni, Pb and Zn in rivers near the dams remarkably important. The
selected sites included analysis of DGT-labile species, except S3 which was selected because
it was directly affected by the collapse of Funddo dam in 2015 [Fig. A.1, Appendix A,
Supplementary Information (SI1)]. While S1 and S3 are located in areas affected by the dam-
burst disaster, sites S4, S6, S7 and S9 are located in rivers or streams surrounded by mining
areas and tailings dams (Fig. 1) but were not affected by this disaster. Site S4 is a pristine area
located in a private protected place; Private Reserve of the Natural Heritage, RPPN.

Freshwater samples were collected from all sites using precleaned plastic bottles (2 x 1
L for each site). The samples were subsequently transported to laboratory for determination of
the elements in the total, total dissolved (< 0.45 pum) and truly dissolved (< 1 kDa) fractions.
Amber glass bottles (60 mL) were used to store samples to analyse the content of dissolved
organic carbon (DOC) at each site. Samples for DOC were filtered through 0.45 pm membranes

and preserved with phosphoric acid (HsPOa). All samples were stored at 4°C until analysis.

2.2. Filtration, ultrafiltration and acid digestion
300 mL of the samples were filtered through 0.45 um cellulose nitrate membranes for

determination of the total dissolved fraction of the analysed elements. The truly dissolved
6
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fraction was analysed by further ultrafiltration (UF) of 150 mL through 1 kDa regenerated
cellulose membranes (Millipore). The UF was carried out using a Teflon home-made tangential
UF system coupled to a Gilson Minipuls® 3 peristaltic pump, similar as described in Monteiro
et al. (2016). The system and membranes were cleaned using NaOH (0.1 mol L™?) and HCI
(< 0.01 mol L) solutions followed by rising with ultrapure water (18.2 MQ, Millipore) before
each filtration.

Acid digestion of the fractions total (not filtered, 150 mL), total dissolved (< 0.45 pm,
150 mL) and truly dissolved (< 1 kDa, 150 mL) followed by a six-fold preconcentration (four-
fold for the truly dissolved fraction) was performed to detect elements in lower concentrations.
The digestion was carried out on a hot plate based on the method 3005A of the U.S.
Environmental Protection Agency (US EPA, 1992). Determination of the elements in all
digested fractions were performed by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent Technologies 700 Series). Limits of detection (LoD) and
quantification (LoQ) for the elements analysed by ICP-OES are given in the Sl section (Table
A.1, Appendix A). Blanks of ultrapure water were used to correct measured concentrations.
Particulate fraction (> 0.45 um) and colloidal fraction (< 0.45 um and > 1 kDa) were calculated
by the difference between total and total dissolved fraction and by the difference between total
dissolved and truly dissolved fraction, respectively. All experiments were performed in
duplicate. A summary of all fractions cited in this investigation is presented within the
supplement (Table A.2, SI).

The recovery for all elements measured (from recovery tests for validation) were in the

range of 80-120% as shown in Table A.3 (Appendix A, SI).

2.3. Diffusive gradients in thin films (DGT)
Diffusive gradients in thin films (DGT) units were assembled using piston-type devices

acquired from DGT research (Lancaster, UK) for determination of DGT-labile species. Each
7
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device contained a 0.45 um cellulose nitrate membrane, a diffusive gel (agarose crosslinked
polyacrylamide) layer, and a biding gel layer. Chelex-100 gel was used as binding gel layer for
determination of labile Cd, Cr, Cu, Co, Fe, Mn, Ni, Pb and Zn. Ferrihydrite gel was used as
binding gel for determination of labile P. The surface area of the piston-like units exposed to
the water was 3.14 cm? and the thickness of the of the diffusive gel and the cellulose nitrate
membrane were 0.8 mm and 0.13 mm, respectively.

Three DGT units containing chelex-100 gel and three units containing ferrinydrite were
deployed at each sampling site. The units were retrieved after 4 to 9 days (cf. Table A.4,
Appendix A, Sl), rinsed with ultrapure water, stored in plastic bags, and transported to the
laboratory. Water temperature was measured in situ during deployment and retrieval at each
site for determination of the diffusion coefficients of all analysed elements. In laboratory, the
DGT units were opened, and the chelex-100 gel layers were eluted with 2 mL of HNO3z (1 mol
L. The ferrihydrite gels were eluted with 2 mL of concentrated HCI for 24 h in a shaker and
then diluted with ultrapure water.

The concentration of the analysed elements (Ce, pg L) after elution was analysed with
ICP-OES (Agilent Technologies 700 Series). The accumulated mass of each analyte (M, ng)
was subsequently calculated using the following equation (Zhang and Davison, 1995):

M = Co(Ve + Vy)/Ey (1)
where Ve is the volume of the eluent (mL), Vq is the volume of the binding gel (mL) and Es is
the elution factor (cf. Table A.4, Appendix A). The DGT-labile concentration of each analyte
(Ca, ng L) was then calculated using the following equation (Zhang and Davison, 1995):

C, = MAg/DtA (2)
where Ag is the thickness of the diffusive gel and cellulose nitrate filter (cm), A is the exposed
area to water in the river/stream (cm?), t is the deployment time (s), and D is the diffusion
coefficient (cm? s1). The diffusion coefficients of each element analysed are available from

DGT research (https://www.dgtresearch.com, accessed in October 2020; Table A.5, Appendix
8
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A, SI). The coefficients were corrected using the average temperature measured in situ during

deployment and retrieval of the DGT units (Table A.6, Appendix A, SI).

2.4. Self-organising maps and Spearman’s rank correlation

The relationships among samples, variables and between samples and variables were
investigated using the SO-Map approach. The SO-Map consists of neurons in a two-
dimensional grid. Each input sample in this technique is represented by a vector whose elements
correspond to the concentrations of the four fractions (total, total dissolved, truly dissolved, and
DGT-labile) of each investigated element (Cd, Cr, Cu, Co, Fe, Mn, Ni, P, Pb and Zn) and the
physicochemical parameters (conductivity, TDS, pH and temperature) measured at each
sampling site. The neurons in the output map have the same dimension (each one represented
by a component plane) of the input vectors. The input and output layers are connected by weight
vectors. These vectors are initialised with small random numbers in the analysis. Then, the
Euclidean distance between an input vector and the weight vector of each output neuron is
calculated. The neuron with the smallest distance (best matching unit, BMU) from the input
vector in then selected and the weight vector of the BMU and its neighbours are updated (Cinar
and Merdun, 2009; Asan and Ercan, 2012; Brereton, 2012).

The data were normalised before the analysis using z-score transformation for
converting the variables to a common scale with mean zero and standard deviation one.
Different map architectures (2 x 2 to 6 x 6) were tested to find the map with the most
informative distribution of the samples. The optimal number of neurons should not be too high
or too low because the samples would be respectively too far apart or too close, decreasing the
possibility to extract information (Garcia et al., 2007). The software Matlab 2017b
(MathWorks, Natick, MA) and the SOM toolbox 2.1 (Alhoniemi et al., 2000) were used to

perform the SO-Map analysis.
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The correlation between the variables was investigated using Spearman’s rank
correlation coefficients in the R software. Moderate or strong correlations were expressed by
coefficients (p) higher than 0.40 (positive correlation) or lower than —0.40 (negative
correlation). To run SO-Map and correlation analyses, concentration values of elements
measured by ICP-OES below the limit of detection were replaced by these values. The file (.txt)

used for running the SO-Map analysis is available in the SI.

3. Results

Sampling site S1 showed the highest concentrations of Mn and P, especially in the dry
season (Fig. 2). This site also recorded the highest conductivity (292 uS cm™), pH (7.2), TDS
(194 mg L) and the highest concentration of DOC (4.0 mg L) in the dry season (Table A.7,
Appendix A, SI). In contrast, lowest values of conductivity, TDS, and Mn and P concentrations
were observed at S3 and S4. Sites S7 and S9 presented the highest concentrations of Co, Cu
and Ni, while S3 showed the highest amounts of Zn. Cd, Cr, and Pb were not detected in most
samples (cf. Table A.8, Appendix A). Small amounts (up to 5.7 pug L) of total Cr and Pb were
detected at sites S1, S6, and S9. DGT-labile Cd (0.12+0.05 pg L) and Cr (0.13+0.08 g L)

were also detected at site S7 in the rainy season (Fig. 2, Table A.8 within SI).
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Fig. 2 Concentration (cc) of Co, Cu, Mn, Ni, P and Zn in the total, total dissolved, truly
dissolved, and DGT-labile fractions from the six sampling sites (S1, S3, S4, S6, S7 and S9) in
Upper Doce River catchment. Not detected and not determined values are depicted as * and +,

respectively. These results are available in the Appendix B, supplementary information (SI),
tables B.1-B.2.

Regarding the different fractions (Fig. A.2, Appendix A), Co and P occurred
predominantly in the truly dissolved fraction (< 1 kDa) in most samples. Mn was predominant
in the colloidal fraction at S1 and S9 in the rainy season and at S4 in the dry season, while it
was predominant in the truly dissolved fraction at S4 and S7 in the rainy season. Cu occurred
mainly in the particulate fraction at sites S1 and S9 in the dry season and at S7 in the rainy
season. The highest concentrations of DGT-labile Ni occurred at sites S7 and S9 (33.0+0.9 and
29.1+2.2 ug L%, Fig 2) and of DGT-labile Cu at S7 (25.8+7.8 pg L™). Most of total dissolved
P was found in the DGT-labile fraction (Fig. 2) and the same behaviour was observed for Mn,

except at S1 (rainy season) where only about half of the total dissolved Mn was DGT-labile.
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The samples were divided by SO-Map analysis in four (I-1V) distinct groups that are
circled in Fig. 3 A. These groups represent samples that have similar properties since they are
in the same or neighbouring neurons (hexagonal units). The larger the distance between two
samples in the maps, the more dissimilar from each other they are (Garcia et al., 2007). The
map architecture 4 x 4 was selected because it gives the best distribution of samples (most
informative) in the SO-Map analysis. Behind the map of samples (Fig. 3 A), there are
component planes (map of variables, Fig. 3 B) that correspond to the variables used to create

the maps (Brereton, 2012).
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Fig. 3 Self-organising maps: A) Map of samples, in which samples from six sites (S1, S3, S4,

S6, S7 and S9) were clustered in four distinct groups (I-1V) as circled in the map. The
sampling season (rainy or dry) when water was collected is indicated in parenthesis and by
grey (rainy season) and white (dry season) tones in the neurons (hexagonal units). B) Maps of
variables (component planes): the bars beside each map indicate the intensity of each variable
(red is high intensity and blue is low intensity). The fractions total, total dissolved, truly
dissolved, and DGT-labile are indicated by the letters T, D, F and L (in brackets),

respectively. The used Fe data were derived from Gontijo et al. (2016).
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Group | in the map includes samples with lower conductivity, pH, TDS and lower
content of Co, Cu, Mn, Ni, and P (blue colours in the maps of these variables at the
corresponding position of group I, Fig. 3 B). The total and total dissolved Fe content in group |
is lower than in other groups, but it has samples with the highest truly dissolved and DGT-labile
Fe contents (see red colours for these variables at the position of group I, Fig. 3). Group Il is
formed by S1 samples which exhibit the highest conductivity, DOC, TDS and highest Mn and
P contents. Water temperature and concentrations of all other measured elements were low in
this second group. Group IV (samples from S7 and S9) had samples with higher amounts of Cu
and Ni. The sample taken at S9 in the rainy season formed a separated group out from other
samples at S9 because of its higher concentrations of total and total dissolved Fe and Zn. A
summary of the most relevant variables for each group is presented in the supplementary section
(Table A.9, Appendix A).

The analysis of the map of variables (Fig. 3 B) can also indicate correlations between
variables. These correlations are revealed when there are similar or opposite patterns at the
same positions in the neurons of a pair of maps of variables (Vesanto, 1999). Neurons with
higher intensity for total dissolved Fe (red tones, Fig. 3 B) for instance have lower intensity for
P fractions (blue tones), indicating inverse relationship between these P-fractions and total
dissolved Fe. In fact, a negative correlation (—0.55, p=0.10; Table A.10, Appendix A) was
confirmed between total dissolved Fe and DGT-labile P. A positive relationship is observed
among the variables conductivity, DOC, TDS, total Mn, total dissolved Mn, DGT-labile Mn,
total P, total dissolved P, truly dissolved P, and DGT-labile P, since all these variables presented
red tones in the corresponding neurons in the maps (note that the maps of these variables are
similar to each other, Fig. 3 B). Significant (p < 0.05) positive correlations were confirmed for
example between total P and conductivity/TDS (both 0.75), total Mn and conductivity/TDS

(0.78 and 0.79, respectively) and DOC and labile P (0.65). Similar patterns in the maps can also
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be observed between Co, Cu and Ni fractions, confirmed by positive correlations (up to 0.95)

between total Ni and Co.

4. Discussion

4.1. Species distribution, potential bioavailability and seasonality

The high P contents (up to 263+16 pg L™) in samples from Carmo River (site S1,
samples from group Il, Fig. 3) are probably related to untreated urban sewage effluent
discharge, which is a problem already reported in the literature (Santos et al., 2019). The higher
conductivity, DOC and TDS also support this assumption because these variables are also
related to sewage inputs in rivers (Daniel et al., 2002). P concentration was lower during the
rainy season (Fig. 2), probably because of dilution of the sewage effluent by higher river flow
as a result of increased precipitation in the summer period (cf. Fig. A.3, Fig. A.4, Appendix A).

P appeared predominantly in the truly dissolved fraction and is mostly DGT-labile at all
sampling sites. These DGT-labile species include species that dissociate and/or desorb in the
medium, diffusing through the gel layer and accumulating in the binding gel during the
deployment time (Zhang and Davison, 1995; Zhang and Davison, 2015). Although different
organisms have different uptake mechanisms, the labile species measured by DGT are
considered potentially bioavailable (Zhang and Davison, 2015). Therefore, higher
concentrations of DGT-labile and potentially bioavailable P at S1 and S6 may cause
cyanobacteria blooms which have been already recorded downstream in Doce River catchment
and correlated to total P, particularly in the dry season (Jardim et al., 2014). The data also
indicated that the presence of total dissolved Fe may decrease the amount of DGT-labile P
(negative correlation), probably because P tends to bind effectively to Fe colloids (e.g. Fe-
oxyhydroxides and Fe-organic matter) that are not labile and may be not readily bioavailable to

biota (Eisenreich and Armstrong, 1980; Baken et al., 2014; Baken et al., 2016; Gontijo et al.,
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2016). The positive correlation (0.68) between total Fe and total P may also be related to the P
binding of Fe.

The highest measured Mn content was also detected at S1, where it may be derived from
manganese-bearing rocks in the banded iron formation of the Quadrilatero Ferrifero (Dorr,
1969; Costa et al., 2003). Mobilisation from old gold and manganese exploitation may have
contributed to increase the amounts of Mn in Carmo River (Costa et al., 2003). Mn appeared
predominantly in the particulate and colloidal fractions, except in S7 samples. This colloidal
Mn may appear as Mn oxides or bound to humic substances (HS), Fe-rich colloids and other
ligands in the aquatic system (Huangfu et al., 2013; Li et al., 2019).

The sampling sites S3, S4 and S6 (group I, Fig. 3) showed the best water quality by
lowest concentrations of all elements analysed, except Zn at S3 and S6. Measurements of DOC
at the retrieval time of DGT devices at S4 showed a DOC increase from 4.7+0.1 to 9.0+0.1 mg
Lt (Table A.13, Appendix A) after several days of strong rainfall (72.8 mm between 15 and
19" February 2014, Table A.11; see also Table A.12, Appendix A). This increase of DOC was
associated with a drop in pH down to 4.4 and it is related to the presence of HS (Gontijo et al.,
2016; Gontijo et al., 2017b). Higher contents of HS at S4 after rainfalls may impact the species
distribution in the rivers from Upper Doce River catchment because HS stabilise for instance
Fe in the colloidal fraction, thereby increasing its mobility (Ritter et al., 2006). A greater
presence of Fe complexed to HS can also affect the distribution of P in the catchment, moving
it from the truly dissolved to the colloidal fraction by binding to the complexed Fe (Ritter et al.,
2006; Gontijo et al., 2017b; Saeed et al., 2018).

The samples from Conceicdo River (particularly at S9) are the ones (groups Il and 1V,
Fig. 3) where seasonality was detected using SO-Map analysis (samples are in different groups).
This difference was caused especially by higher Fe and lower Ni and Co content in the rainy
season than in the dry season. The higher Fe content may be attributed to the leaching of soils

due to rainfall during the rainy season (cf. annual precipitation in the area in Fig. A.3, Appendix
15
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A). Conversely, Ni and Co are diluted in the rainy season because of higher water flow of the
river. Ni may be derived from ultramafic rocks or laterite ores present in the area (Terezinha
Costa et al., 2006). Co may also appear in laterite ores as substitute of Fe and its high correlation
with Ni (0.95, p < 0.05) supports the natural origin (Ribeiro et al., 2020). Most of the total
dissolved Zn was DGT-labile and consequently potentially bioavailable. The DGT-lability of
both, Cu and Zn decreased from S7 to S9 in the Conceigéo River. This may be connected to the
input of HS from Caraga River catchment (Gontijo et al., 2016) that can bind these elements,
reducing their lability (McKnight et al., 1983; Chakraborty and Chakrabarti, 2008).

The trace-metals Cd, Cr, and Pb were not detected in most samples. Cr and Pb were
found in samples from Carmo and Conceicao rivers mostly in the total fraction which may be
related to resuspension from sediments where they have already been recorded (Deschamps et
al., 2002; Terezinha Costa et al., 2006; Marques et al., 2019). DGT-labile Cd was found at S7
(0.12+0.05 pg L™ Cd), probably due to the pre-concentration capabilities of DGT (Zhang and
Davison, 1995).

Table A.14 (Appendix A) presents the total dissolved concentrations of the analysed
elements (without digestion) at the retrieval time in October/2014. It shows that the
concentrations of most of the detected elements were quite similar to the ones from the
deployment time (Fig. 2) in the dry season, except for Cu at S7. This difference reflects the
dynamic environment with presence of several processes such as the ones described above in a

way that aquatic systems are hardly at chemical equilibrium (van Leeuwen et al., 2005).

4.2. Legislation and possible effects of the dam collapse
The Brazilian National Environmental Council (CONAMA), in its Resolution 357/2005

(Brazil, 2005), established regulations and guidelines for the classification of water bodies
according to their intended use. There are several classes in which water quality standards are

assigned and must be preserved. The waters from Doce River catchment are classified as Class
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2, in which the use is intended for protection of aquatic life, water supply after conventional
treatment, recreation, fishing and irrigation (IGAM, 2015). Several parameters in the samples
from Upper Doce River catchment were above the limits of class 2, especially in Carmo and
Conceicao rivers. Total P and Mn concentrations at S1 for instance were much higher (up to
263 pg L™ P and up to 1491 pg L™ Mn) than the standards for class 2 (100 pg L for both P
and Mn, Table A.15, Appendix A). Besides total Mn, samples from Conceicédo River (at S7 and
S9) had also higher values for total dissolved Cu (max. 38.5 pug L™ Cu) than the limit by
legislation (9 pg L Cu). These results shows that the water quality in the studied area was
already impaired by natural and human factors, even before the dam breach at Mariana in 2015.

From literature it is known that the dam burst in the investigated area has initially caused
an increase in the amount of suspended particulate matter (SPM) and turbidity in the river
waters. That derived from the sludge and mud and was composed mainly of Fe and Si oxides
(Pires et al., 2003; IBAMA, 2015; IGAM, 2015; Fraga et al., 2021). This material was
transported downstream and stored in riverbeds and flood plains after most of the tailings from
the accident was settled. According to Hatje et al. (2017), heavy rainfall may contribute to
further erosion and remobilisation of the deposited material in the future. Such events may
change the distribution and bioavailability of some elements in the affected systems. P for
example was mostly present in the truly dissolved fraction but it will probably bind to increasing
contents of Fe-rich particulate matter, thereby transferring it from the truly dissolved to the
particulate fraction (Smith and Longmore, 1980). This change of distribution subsequently will
affect the mobility and lability of the elements in the water column and may also impact for
example the levels of chlorophyll-a and trophic status in some reservoirs along Doce River
(Coimbra et al., 2020).

Comparing total and total dissolved metal contents analysed after the accident (Hatje et
al., 2017; IGAM, 2018; Silva et al., 2018; Foesch et al., 2020, Table A16, Appendix A) with

the results from our study, higher Cr, Cu, Fe, Pb, and Mn contents were observed in Carmo
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River and Ouro Fino Stream after the accident. The concentration of total Mn in Carmo River
for instance was much higher after the accident (up to 13400 pg L't Mn in 2015; IGAM, 2018)
than before (up to 1491 pug L™ Mn in this study). The total dissolved Mn in Ouro Fino Stream
was also higher after the accident (117 ug L™t Mn, Hatje et al. (2017)) than before (up to 0.9 ug
LT Mn in this study). Total Pb which was not detected in Carmo River in this investigation
reached values above 40 pg Lt in 2015 and 2016 (IGAM, 2018; Foesch et al., 2020), exceeding
the Brazilian limit of Pb for class 2 freshwaters (Table A.15, Appendix A). Total dissolved Fe
and total Cu contents in Carmo River also presented an expressive increase, from maximum of
9 ng L1Fe and 2 pg L Cu in this study to 2620 pg L™ Fe and 20 pg L Cu after the accident
(Hatje et al., 2017; IGAM, 2018; Foesch et al., 2020), respectively. However, there is still no
information regarding species distribution and DGT-lability in the water column after the dam

collapse in the area for comparison and impact evaluation.

5. Conclusions

Both techniques (DGT and ultrafiltration) were complementary used to study the
distribution and DGT-lability of P and some trace elements within the upper Rio Doce
catchment affected by mining (e.g., aluminium, iron, gold and manganese). Our results show
that even under "natural" background conditions before the dam failure of Mariana in 2015, the
element concentrations of some trace metals and phosphorus were in part above the Brazilian
limits for freshwater class 2 due to natural and anthropogenic factors such as local lithology
(Mn, Cu, Ni, Co), mining (Cu, Zn, Pb) and untreated sewage discharge (P, DOC).

Carmo River exhibited the highest P concentrations, which occurred predominantly in
the truly dissolved and DGT-labile fractions, indicating that it is mobile and potentially
bioavailable. The data indicated that Fe may have decreased the amount of DGT-labile P by
adsorption processes to increase the particulate amount of P. Cd was detected only in the DGT-

labile fraction but not in the fractions measured by filtration and ultrafiltration because of the
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pre-concentration capabilities of DGT. The DGT-labile amount of Cu and Zn decreased over
the investigated stretch of the Conceicdo River, indicating the presence of other ligands (e.g.,
HS) and/or particles (> 0.45 um) in the water phase which is supported by a contemporaneous
increase of the colloidal and/or particulate concentrations. Effects of seasonality (dry vs. rainy
seasons) were detected only in Conceicdo River and was attributed especially to Fe, Ni and Co.
Concentrations of Ni and Co were lower in the wet season than in the dry season due to the
dilution effect. In contrast, the concentrations of Fe increased in the rainy season, presumably
due to increased erosion of lateritic soils.

The dam burst in the catchment with the subsequent increase in particulate material
deposited downstream in the riverbed and floodplains has the potential to affect the aquatic life
in the catchment. To assess the ecological impacts and fate of the dam failure of Mariana in
2015, a continuous chemical monitoring including the distribution and DGT-Ilability of trace-
metals and nutrients would be mandatory. Our study provides a basis for such monitoring and
allows comparison of post-accident chemical exposure with "quasi-natural” background

concentration ranges of the situation before the dam failure.
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Figure captions

Figure captions

Fig. 1 Sampling sites (S1, S3, S4, S6, S7 and S9), mining areas and tailing dams in Upper
Doce River catchment (in Quadrilatero Ferrifero, QF). Mining areas and tailing dams
were delineated using cloud-free Landsat 8 imagens taken from path 217 and row 74 on
11th October and 12th November 2015. The images were acquired from the U.S.
Geological Survey (USGS) Earth Explorer webpage (https://earthexplorer.usgs.gov/,
accessed in December 2020). All delineations were performed using the software ArcGis

10.5 (ESRI, USA).

Fig. 2 Concentration (cc) of Co, Cu, Mn, Ni, P and Zn in the total, total dissolved, truly
dissolved, and DGT-labile fractions from the six sampling sites (S1, S3, S4, S6, S7 and
S9) in Upper Doce River catchment. Not detected and not determined values are depicted
as * and +, respectively. These results are available in the Appendix B, supplementary

information (SI), tables B.1-B.2.

Fig. 3 Self-organising maps: A) Map of samples, in which samples from six sites (S1, S3,
S4, S6, S7 and S9) were clustered in four distinct groups (I-1V) as circled in the map. The
sampling season (rainy or dry) when water was collected is indicated in parenthesis and
by grey (rainy season) and white (dry season) tones in the neurons (hexagonal units). B)
Maps of variables (component planes): the bars beside each map indicate the intensity of
each variable (red is high intensity and blue is low intensity). The fractions total, total
dissolved, truly dissolved, and DGT-labile are indicated by the letters T, D, F and L (in

brackets), respectively. The used Fe data were derived from Gontijo et al. (2016).
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