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Assessment of iron‑rich tailings via portable X‑ray 
fluorescence spectrometry: the Mariana dam disaster, 
southeast Brazil
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Barbara I. Teixeira · Somsubhra Chakraborty · Bin Li · 
Luiz Roberto G. Guilherme · José Roberto S. Scolforo 

fertility properties of the mud and soils that are crucial 
for environmental rehabilitation and vegetation estab-

lishment (e.g., pH, available macro and micronutri-
ents, cation exchange capacity, organic matter). Native 
soils and alluvial mud were sampled across impacted 
areas and analyzed via pXRF and conventional labo-
ratory methods. Random forest (RF) regression was 
used to predict fertility properties using pXRF data for 
pooled soil and alluvial mud samples. Mud and native 
surrounding soils were clearly differentiated based on 
chemical properties determined via pXRF (mainly 
 SiO2,  Al2O3,  Fe2O3,  TiO2, and MnO). The pXRF 
data and RF models successfully predicted pH for 
pooled samples (R2 = 0.80). Moderate predictions were 
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Abstract On November 5, 2015, the Fundão dam 
collapsed and released > 60 million  m3 of iron-rich 
mining sediments into the Doce river basin, covering 
>1000 ha of floodplain soils across ~80 km from the 
rupture. The characterization of alluvial mud covering 
and/or mixed with native soil is a priority for success-
ful environmental rehabilitation. Portable X-ray fluo-
rescence (pXRF) spectrometry was used to (1) assess 
the elemental composition of native soils and alluvial 
mud across impacted riparian areas; and 2) predict 
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obtained for soil organic matter (R2 = 0.53) and cation 
exchange capacity (R2 = 0.54). Considering the extent 
of impacted area and efforts required for successful 
environmental rehabilitation, the pXRF spectrometer 
showed great potential for screening impacted areas. 
It can assess total elemental composition, differentiate 
alluvial mud from native soils, and reasonably predict 
related fertility properties in pooled heterogeneous 
substrates (native soil + mud + river sediments).

Keywords Proximal sensors · PXRF · Mining 
activities · Samarco dam collapse · Random forest · 
Environmental monitoring

Introduction

On November 5, 2015, the Fundão dam located in 
Mariana, Minas Gerais, Brazil, collapsed and released 
> 60 million  m3 of iron-rich mining sediments into 
the Doce river basin (Aires et  al.,  2018; Fernandes 
et  al.,  2016). The failure resulted in the destruction 
of two villages, 18 people dead, and >600  km of 
downstream effects which caused extensive ecologi-
cal and social damage (Fernandes et al., 2016). This 
tragedy is considered the world’s largest environmen-
tal calamity in terms of volume and magnitude from 
mining activities to date (Aires et  al., 2018; Carmo 
et  al., 2017; Fernandes et  al., 2016). Most coarse 
materials were retained throughout the first 80  km 
downstream to the Candonga dam (Carmo et  al., 
2017). The river floodplains and margins were cov-
ered by iron ore tailings which changed soil chemical 
and physical properties and destroyed riparian veg-
etation (Silva Junior et al., 2018; Guerra et al., 2017; 
Omachi et al., 2018). The characterization of alluvial 
mud covering and/or mixed with native soil in ripar-
ian zones is a priority for successful environmental 
rehabilitation (Zago et al., 2019).

Several studies have investigated the magnitude 
of ecological impacts by mud deposition on water 
quality (Segura et al., 2016), fish and algae commu-
nities (Miranda & Marques, 2016), estuarine con-
ditions (Gomes et  al., 2017; Queiroz et  al., 2018), 
riparian soils (Almeida et  al., 2018; Davila et  al., 
2020; Guerra et al., 2017), and vegetation (Omachi 
et al., 2018). Previous studies performed on riparian 
soils identified low contamination potential (gener-
ally lower than environmental legislation thresholds 
in Brazil), although trace metal enrichment could 

be found in specific locations (Davila et  al., 2020; 
Duarte et al., 2021; Guerra et al., 2017). However, 
the alluvial mud has different chemical properties 
than native soils of the area. Once mixed with soil, 
it can result in a material with unknown elemental 
composition and sorption/desorption dynamics that 
could affect both nutrient availability and heavy 
metal mobility (Almeida et al., 2018; Queiroz et al., 
2018). Remarkably, a substantial amount of mate-
rial is deposited on river floodplain margins, which 
increases the risk of redox oscillations due to water 
level fluctuations throughout the year and poten-
tially uncertain elemental dynamics (Queiroz et al., 
2018).

In addition to soil contamination assessment, 
another great challenge is the characterization of 
fertility properties to support successful revegeta-
tion and environmental rehabilitation. Considering 
the large floodplain impacted area (>1000 ha; Aires 
et al., 2018; Omachi et al., 2018), soil/mud character-
ization via standard laboratory methods can be costly 
and generate considerable toxic waste. Therefore, an 
accurate, low-cost, rapid, and environment-friendly 
characterization method is preferable and would war-
rant the establishment of detailed and adaptive field 
sampling schemes. Lately, portable X-ray fluores-
cence (pXRF) spectrometry has gained attention as 
a powerful tool for rapid soil elemental composition 
assessment and its ability to accurately predict ancil-
lary soil properties such as pH, available nutrients, 
cation exchange capacity, and texture (Andrade et al., 
2020; Lima et  al., 2019; Sharma et  al., 2014, 2015; 
Silva et  al., 2020;  Teixeira et  al., 2020). Therefore, 
while pXRF can be useful for monitoring and rehabil-
itation efforts by combining elemental determination 
and fertility assessment, its applicability still requires 
empirical testing.

pXRF technology has been adopted worldwide for 
metals assessment in mining areas (Jang, 2010; Peinado 
et al., 2010). Results have been well correlated to con-
ventional soil analysis like wet digestion (e.g., USEPA 
3051a or USEPA 3052 methods) followed by atomic 
absorption spectrometry (AAS) or inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) 
quantification (Kilbride et al., 2006; Rouillon & Taylor, 
2016). Effectively, by applying pXRF, the number of 
samples analyzed through conventional laboratory tech-
niques could be reduced while producing accurate data 
for spatial interpolation (Horta et  al., 2021). Besides 
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providing time, economic, and environmental benefits, 
pXRF can be used in both in situ or ex situ (Weindorf 
et al., 2014). Interest in tropical soil pXRF application 
is rapidly growing with a new compendium of tropical 
soil methods and applications just released (Silva et al., 
2021). However, pXRF application, testing, and devel-
opment in mining contaminated sites remain relatively 
scarce (Ribeiro et al., 2017; Silva et al., 2021).

The main objectives of this study were to (1) deter-
mine the total elemental composition of native soils 
and alluvial mud via pXRF across impacted riparian 
areas between the Fundão and Candonga dams, and 
(2) predict mud and soil fertility properties crucial for 
environmental rehabilitation and vegetation establish-
ment such as pH, available macro and micronutrients, 
cation exchange capacity, and organic matter. We 
hypothesized that (1) pXRF can be used to success-
fully differentiate impacted from non-impacted areas 
based on geochemical signatures, and (2) pXRF data 
can be used to predict soil fertility properties such as 
pH, cation exchange capacity, and organic matter, in 
both native soil and alluvial mud, which have direct 
implications for remediation efforts on impacted 
areas.

Material and methods

Description of the study area

After the dam rupture on November 5, 2015, the iron-
rich tailings traveled >600 km from the Fundão dam to 
the Atlantic Ocean in Linhares, Espírito Santo, Brazil 
(Fig. 1). The most impacted area comprised 15  km2 of 
covered soil in the river margins and was concentrated 
along the first ~80  km downstream from the Fundão 
dam: (i) ~50 km down the Gualaxo river margins, (ii) 
22 km in the Carmo river, (iii) and 2 km of the Doce 
river. The Doce river is dammed at its initial extension, 
creating the Candonga reservoir, where most coarse 
materials were deposited (Carmo et  al., 2017). These 
areas are located in three municipalities within Minas 
Gerais: Mariana, Barra Longa, and Rio Doce. The 
Fundão dam is located in Mariana (20° 12′ S, 43° 27′ 
W; mean elevation 825  m asl). The Candonga reser-
voir is located in Rio Doce (20° 12′ S; 42° 51′ W; mean 
elevation 298  m asl). The climate of the impacted 
area is classified as Cwa per the Köppen classification 
(Alvares et al., 2013), with a mean annual temperature 

of 21.5° C and annual rainfall averaging 1200 mm. It 
is located in the Quadrilátero Ferrífero region, which 
is characterized by prevalence of itabirite and hematite 
(Selmi et al., 2009). Multiple soil classes occur in the 
Doce river basin (Guevara et al., 2018). Affected soils 
were mostly Cambisols and Fluvisols (IUSS Working 
Group WRB, 2015; Schaefer et  al., 2016). However, 
due to the amount of tailings that covered native soils 
imparting significant chemical and physical changes 
therein, the soils covered by alluvial mud are being 
classified as Technosols (IUSS Working Group WRB, 
2015; Schaefer et al., 2015, 2016).

Immediately after the dam rupture, emergency 
actions were employed to stabilize riverbanks and 
promote revegetation. Most riparian areas were 
amended with manure, fertilizer (NPK and single 
phosphate), and a seed mix (leguminous and gramin-
eous). A detailed description of the emergency activi-
ties is given by Renova (2018).

Mud and soil sampling

The soil and/or mud samples were collected 2 years 
after the dam collapse (September–November of 
2017) at 35 locations (~2 km apart from each other) 
across three different river sections (Gualaxo, Carmo, 
and Doce) from the Fundão dam to the Candonga 
reservoir (Fig.  1). At each sampling point, samples 
(0–20 cm layer; Abrahão & Marques, 2013) were col-
lected in three different sites aligned perpendicular 
to the drainage line. Site 1 was in river margin areas 
affected by alluvial mud deposition where emergency 
actions were employed. Site 2 was in river mar-
gin impacted areas but where no emergency actions 
were undertaken. Most of these areas were still cov-
ered by native vegetation. Site 3 was in adjacent soil 
at a higher slope position where the alluvial mud did 
not reach. These three sites are represented in Fig. 1. 
Geolocation of all collected samples was accom-
plished using a handheld global positioning system 
receiver with a horizontal accuracy of ~15 m.

Conventional soil fertility analyses

Samples were oven-dried at 60°C and passed through 
a 2-mm sieve for further analyses. The following 
analyses were performed according to the Brazil-
ian Methods of Soil Analysis (Embrapa, 2011): soil 
reaction (pH), cation exchange capacity (CEC), 
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macro- and micronutrients, S-SO4
2−, soil organic mat-

ter (SOM), and P-remaining (P-rem). Briefly, the soil 
pH was measured in a 1:2.5 (v/v) soil:water slurry 
after 15-min shaking and 1-h equilibration prior to 
reading with a benchtop pH meter (SevenEasy pH 

meter S20-K,  Mettler Toledo, Barueri, SP, Brazil). 
Exchangeable cations  (Ca2+,  Mg2+,  Al3+, and  Na+) 
were extracted using 1.0 mol  L−1 KCl at a 1:10 (v/v) 
soil/solution ratio. After shaking overnight (16 h), the 
samples were left to equilibrate for 1 h.  Ca2+ and  Mg2+ 

Fig. 1  Study area and sampling locations (n = 35) from the 
Fundão dam to the Candonga reservoir, with illustrations of 
the different sampling points (sites: 1, 2, and 3). Site 1—mud 

deposition with emergency actions; Site 2—mud deposition 
with no emergency actions; and Site 3—native surrounding 
soils
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were quantified in the supernatant via atomic absorp-
tion spectrometry using an AA Analyst 400 (Perkin 
Elmer, Waltham, MA, USA);  Na+ was quantified 
using a Digimed DM-62 flame photometer (Digimed, 
São Paulo, SP, Brazil);  Al3+ was quantified by titration 
with 0.025 mol  L−1 NaOH solution (Wright & Stuc-
zynski, 1996). Mehlich-1 solution was used to extract 
exchangeable K, P, and plant-available micronutri-
ents (Fe, Mn, Zn, and Cu). K was quantified via flame 
photometer, P by molybdenum blue colorimetry, and 
the micronutrients via atomic absorption spectrom-
etry (Wright & Stuczynski, 1996). Soil organic matter 
was determined colorimetrically after digestion with 
potassium dichromate solution (Yeomans & Bremner, 
1988). We calculated the effective cation exchange 
capacity (CEC1) as a sum of  Ca2+ +  Mg2+ +  K+ +  Al3+; 
the potential cation exchange capacity (CEC2) as 
a sum of  Ca2+ +  Mg2+ +  K+ + H + Al; sum of bases 
(SB =  Ca2+ +  Mg2+ +  K+);  Al3+ saturation on CEC1 
(m =  Al3+/CEC1 × 100); and base saturation percent-
age (BSP) (BSP = SB/CEC2 × 100). P-rem is used in 
Brazil as a supplementary attribute to assess P buff-
ering capacity (Rogeri et al., 2016), being affected by 
both soil texture and clay mineralogy. The P-rem was 
determined via molybdenum blue colorimetry after 
reaction of 10 g of sample in 100 mL of 60 mg  L−1 
P solution (Alvarez  V. et  al., 1999). S was extracted 
using 2  mol  L−1 monocalcium phosphate in acetic 
acid solution and determination via spectrophotometry 
at 420 nm (Alvarez V. et al., 1999). B was determined 
by hot water extraction (Berger & Truog, 1939).

pXRF measurements

pXRF analyses were performed as established by 
USEPA Method 6200 (USEPA, 2007) and Weindorf 
and Chakraborty (2016), with minor modifications. 
Briefly, alluvial mud and soil sub-samples were sieved 
past 2-mm and oven-dried at 60°C for 2 weeks, then 
placed into sample cups retained by Mylar® thin-film 
at the bottom. The cups were placed on the pXRF 
aperture and scanned using an S1 Titan 600 LE in 
Geochem–Dual soil mode (Bruker, Billerica, MA, 
USA). The spectrometer contains a Rh tube (4  W, 
15–50 keV and 5–100 μA) and a silicon drift detector 
with a resolution of < 145 eV. Each field sample was 
divided in two samples, and each one was analyzed 
in triplicate, totaling six measurements per field sam-
ple. The detection limits reported by the manufacturer 

are the following: Al and Si (0.4  g   kg−1); P and Cl 
(50  mg   kg−1); K, Ca, Ti, and V (25  mg   kg−1); Cr 
(10 mg  kg−1); Mn, Fe, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, 
Ba, Ta, Pb, Bi, Ce (5 mg  kg−1). For quality assurance 
and quality control (QA/QC), blank samples, Bruker 
check-samples, and National Institute of Standards 
and Technology (NIST) certified reference materials 
(2709a, 2710a, and 2711a) were used to determine 
elemental recovery [(pXRF reported concentration/
certified concentration) × 100] (Silva et  al., 2021). 
Bruker check-sample recoveries (%) were as follows: 
 Al2O3 (97),  K2O (90);  SiO2 (94); Cu (98); Fe (90); Mn 
(89); Ni (102); Pb (100). The recoveries (%) for NIST 
standards were:  Al2O3 (108); CaO (115);  K2O (80); 
 SiO2 (95); As (99); Ba (65); Cr (95); Cu (96); Fe (73); 
Mn (71); Ni (75); Pb (113); Rb (94); Sr (106); Ti (96); 
Zn (92); Zr (104).

Statistical analysis

Principal component analysis (PCA) using the 
“vegan” package in R (version 3.4.4) (R Development 
Core Team, 2019) with both pXRF and conventional 
laboratory soil data was performed to visualize dif-
ferences between the sampling sites from the Gual-
axo, Carmo, and Doce river sections. From the PCA 
results, comparisons between alluvial mud and soil 
were performed sequentially (see the “Exploratory 
analyses: differentiating river sections and sampling 
sites” section). Box-plot and descriptive statistics 
(minimum, maximum, mean, median, and standard 
deviation) were performed for both alluvial mud (site 
1 + site 2) and soil (site 3) using pXRF and conven-
tional laboratory results. Random forest (RF) regres-
sion, an ensemble learning technique, was used to 
predict conventional soil properties via pXRF data 
using pooled soil and alluvial mud samples (Breiman, 
2001). In general, the RF algorithm combines numer-
ous prediction trees where each tree is built from a 
bootstrap sample drawn from the calibration set. 
Notably, at each node of the tree the candidate set of 
the predictor is a random subset of all the predictors. 
The final prediction of a new observation is calculated 
as the average of the predictions from all the trees in 
the forest. Researchers have established that the RF 
ensemble shows better prediction than an individual 
tree. In this study, the “randomforest” package in R 
(version 3.4.4) (R Development Core Team, 2019) 
was used to execute the RF model with 500 trees 
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(Breiman, 2001; Liaw & Wiener, 2002). The predic-
tion accuracy was determined using the coefficient 
of determination  (R2). For executing the RF models, 
instead of splitting the data into calibration and vali-
dation sets, out-of-bag (OOB) prediction (similar to 
cross-validation) was employed (James et al., 2013).

Results and discussion

Exploratory analyses: differentiating river 
sections and sampling sites

Figures  2a, b show the output of the PCA analysis 
using pXRF and soil chemistry data, respectively. 
In Fig. 2a, PC1 and PC2 explained 53% of the sam-
ples’ variability. Mud (impacted area) and native soils 
(non-impacted area) were clearly differentiated, with 
little overlapping at 95% of confidence. However, no 
distinction could be made between mud samples with 
or without emergency interventions (site 1 vs. site 2). 
Furthermore, there were no clear differences between 
river sections (Gualaxo, Carmo, and Doce).

Alluvial mud was mostly associated to Fe, Cr, and 
 SiO2, while soils were more correlated with  Al2O3, Ti, 
Zr, and Zn (Fig.  2a). Fe was the variable most influ-
ential on mud samples. Guerra et al. (2017) previously 

demonstrated that due to the high Fe concentration in 
the mud, the Fe peak obtained in the X-ray spectrum 
creates a clear distinction between deposited alluvial 
mud and surrounding soils, which parallels our results. 
Using fertility data, the two first principal components 
(PC1 and PC2) explained 60% of the samples’ vari-
ability (Fig.  2b). Similar to what was observed with 
pXRF data, mud and soil groups were apparent, but no 
distinction could be made between mud samples with 
or without emergency interventions (site 1 vs. site 2). 
Conversely, a slightly better grouping of soils from 
each river area could be observed. The pH, BSP, avail-
able-P and Mn, and P-rem were the factors most cor-
related with alluvial mud, while  Al3+, SOM, H + Al, 
Al saturation (m), and CEC2 were positively corre-
lated with soil samples. Based on the PCA results, it 
was irrelevant to separate emergency intervention from 
nonintervention areas (sites 1 and 2, respectively) in 
the alluvial mud samples. Therefore, hereafter, inter-
vention and nonintervention samples were combined 
into a single category (mud), and the comparisons are 
presented between mud and native soils only.

Soil fertility

Soil and mud fertility properties are presented in 
Fig.  3; the complete soil fertility analyses with 

Fig. 2  River sections and sampling site differentiation based 
on principal component analysis (PCA) using data obtained 
with portable X-ray fluorescence (pXRF) (a) and conventional 
soil fertility (b) analyses. Rivers: Gualaxo, Carmo, and Doce. 
Site 1—mud deposition with emergency actions; Site 2—mud 

deposition with no emergency actions; and Site 3—native sur-
rounding soils. Confidence ellipses were created at 95% of 
probability. The position of the different variables represents 
their PCA score
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Fig. 3  Box-plot of alluvial 
mud (white) and native soils 
(gray) fertility properties 
obtained via conventional 
soil analysis across the 
three different river sections 
(Gualaxo, Carmo, and 
Doce). GM: Gualaxo–mud; 
GS: Gualaxo–soil; CM: 
Carmo–mud; CS: Carmo–
soil; DM: Doce–mud; DS: 
Doce–soil. *Significant 
differences between mud 
and native soils at α = 0.05 
(Student’s t test)
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descriptive statistics are presented in Supplemental 
Table S1. The mean pH values of alluvial mud were 
higher than those of soil (Fig.  3). Mud pH values 
ranged from 4.30 to 8.10 while soil pH ranged from 
4.00 to 6.60. In the impacted area, 70% of mud sam-
ples had pH >6.5 (Supplemental Table  S1). In pre-
vious studies, mud pH ranged from 5.69 (Schaefer 
et  al., 2016) to 8.24 (Silva et  al., 2016), which cor-
roborates with our findings. The alkaline values 
found for mud samples are mostly related to the Fe 
concentration process which employs chemicals 
(e.g., sodium hydroxide) to increase the pH and reach 
the point of zero charge (maximum flocculation) of 
Fe-oxides (Almeida et  al., 2018). Given the high 
concentration of iron oxides in the mud (Fig. 4) and 
overall mud mineralogy (e.g., quartz, hematite and 
goethite, with smaller amounts of illite, kaolinite, 
muscovite; Almeida et al., 2018; Silva et al., 2016), 
its reactivity is pH-dependent. The higher mud pH 
can have implications for metallic micronutrient and 
contaminant dynamics and availability compared 
to native soils (Duarte et  al., 2021; Queiroz et  al., 
2018; Zago et al., 2019). Similarly, pH has also been 
reported to drive microbial traits in impacted areas 
(Batista et al., 2020). The wider pH range observed 
in mud relative to native soils may reflect two dis-
tinct processes: (1) alluvial mud and mixed sedi-
ments carried downstream being heterogeneously 
deposited and distributed across river margins, and 
(2) a progressive acidification over time due to plant 
establishment and organic acid release.

In line with the Fe concentration processes, mud 
 Na+ concentrations were higher (4.4-fold) com-
pared with  Na+ in the soil (Fig.  3). The mean  Na+ 
concentration (19.45  mg   dm−3) in mud was almost 
two times higher than that reported by Schaefer et al. 
(2016) but is in the lower range reported by Santos 
et al. (2019) across the impacted area. These highly 
variable results suggest a nonhomogeneous deposi-
tion and distribution of  Na+ and reinforce the need 
for constant monitoring and a detailed sampling 
scheme to generate accurate mapping and allow for 
effective remediation actions.  Na+ is not an essential 
element either for growth and development or for 
reproduction of almost all terrestrial plants, but high 
 Na+ concentrations may have deleterious effects on 
growth of non-salt tolerant plants (Maathuis, 2014). 
In the present study,  Na+ saturation on CEC2 or  Na+ 
absorption ratio (the relative concentration of  Na+, 

 Ca2+, and  Mg2+) were still considered low, but a few 
samples exhibited higher values (>5%) that could 
indicate potential soil structural degradation and 
plant toxicity (Gupta & Abrol, 1990).

The sum of bases  (Ca2+ +  Mg2+ +  K+), CEC1, 
and CEC2 of mud were lower than the soil (Fig. 3; 
Supplemental Table  S1). Compared to native soil, 
mud had lower  K+ and  Mg2+, and higher concentra-
tions of  Na+,  Ca2+, and P. In both cases, the concen-
trations of P,  K+,  Ca2+, and  Mg2+ for both mud and 
soil were low/very low for plant growth (Alvarez 
V. et al., 1999). Considering the extraction process, 
it is unlikely that the mud itself would yield higher 
concentrations for P and Ca than the soil. This may 
be a result of emergency actions adopted in the 
impacted area, for instance, manure or P-fertilizer 
application (Renova, 2018). Although a thorough 
separation of the sampling locations was attempted 
(site 1 vs. site 2), emergency actions immediately 
following the breach were rushed, hampering a 
rigorous control. Thus, it is likely that a few areas 
that were still covered by native vegetation (site 2; 
Fig. 1) also received some intervention.

The SOM in mud was lower than soil and simi-
lar to the SOM concentrations reported in previ-
ous studies in the area  (Fig.  3) (Schaefer et  al., 
2016; Silva et  al., 2016). Increasing organic mat-
ter in mud-affected soils is an effective strategy 
for phyto-management and area remediation and 
should be a priority. Zago et  al. (2019) reported 
that plants grown in the tailing substrates amended 
with organic compost were able to exclude poten-
tially hazardous substances and therefore increase 
their tolerance to adverse environmental conditions. 
The concentration of available micronutrients (Zn, 
Fe, Cu, B) in mud and soil were similar (Fig.  3; 
Supplemental Table  S1). However, available Mn 
concentrations were ~2-fold higher in mud sam-
ples compared with native soil. This result parallels 
other studies which reported higher Mn assimila-
tion in plants grown on tailing substrates compared 
with plants grown on control soils (Coelho et  al., 
2020; Zago et  al., 2019). Redox conditions in the 
impacted area favor the reduction of Mn-oxides to 
available and soluble forms  (Mn4+ →  Mn2+) (Spar-
row & Uren, 2014), and thus favor plant uptake. 
Moreover, increasing Mn availability over time with 
subsequent dissolution in river water may pose a 
chronic risk of estuary contamination, with harmful 
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Fig. 4  Box-plot of major 
compounds of alluvial mud 
(white) and native soils 
(gray) obtained via portable 
X-ray fluorescence (pXRF) 
spectrometry across the 
three different river sections 
(Gualaxo, Carmo, and 
Doce). GM: Gualaxo–mud; 
GS: Gualaxo–soil; CM: 
Carmo–mud; CS: Carmo–
soil; DM: Doce–mud; DS: 
Doce–soil. *Significant 
differences between mud 
and native soils at α = 0.05 
(Student’s t test)
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consequences for estuarine biota and human health 
(Queiroz et al., 2021).

pXRF data

For both alluvial mud and soil samples, the major 
constituents were  SiO2,  Fe2O3,  Al2O3,  K2O, and 
 TiO2 (Fig. 4; Table 1), reflecting mineralogy of mud 
and native soils as determined in previous studies; 
mostly quartz, hematite and goethite, and gibbsite 
with smaller amounts of illite, kaolinite, musco-
vite, and maghemite also observed (Almeida et  al., 
2018; Duarte et  al., 2021; Silva et  al., 2016). For 
all river sections, mud was richer than soil in  SiO2, 
 Fe2O3, and MnO (Fig.  4). The prevalence of Si and 
Fe oxides in the mud reflects the expected composi-
tion of mining wastes as a result of exploration for 
itabirite (quartz and hematite) (Silva et  al., 2016). 

The Fe concentration in mud was 2.7-fold that of soil. 
The soil contained higher concentrations of  Al2O3 
(2.6-fold) and  TiO2 (3.7-fold) (Fig. 4). Fe, Si, and Al 
oxides together accounted for >50% of mud or soil 
composition (Table  1). The accumulation of Fe and 
Si oxides in alluvial mud, and the reduction of Al 
oxide concentrations, indicate a distinct composition 
between mud and native soils. The confidence inter-
vals showed that concentrations were fairly constant 
for mud and soil through the different river sections. 
However, an exception was observed for  TiO2, which 
showed greater values in the Doce compared with 
other river sections. Notably, the number of samples 
in the Doce river was smaller than in other sections 
due to the distance from the accident, section length, 
and damming (Fig. 1), which hamper spatial compari-
sons. No significant difference between mud and soil 
was observed for CaO and  K2O.

Table 1  Descriptive 
statistics of alluvial mud 
and native soil total 
elemental concentration 
obtained with portable 
X-ray fluorescence (pXRF) 
in riparian areas impacted 
by the Fundão dam collapse

--- means not detected or 
below equipment detection 
limit. Percentage of 
elements not detected in the 
mud samples (Y, 75%; V, 
97%; Ta, 98%; Sr, 78%; Ni, 
88%; Ba, 78%; As, 92%). 
Percentage of elements not 
detected in the soil samples 
(Bi, 61%; V, 51%; Ta, 62%; 
Ni, 38%; Ba, 67%; As, 84%)
sd standard deviation

Minimum Maximum Median Average SD

Mud Soil Mud Soil Mud Soil Mud Soil Mud Soil

SiO2 (g  kg−1) 250 143 433 369 381 299 379 297 35 45
Fe2O3 (g  kg−1) 39 15 386 190 276 86 255 86 74 40
Al2O3 (g  kg−1) 22 66 244 234 35 161 54 164 40 37
K2O (g  kg−1) 2 2 18 32 4 7 5 10 4 8
TiO2 (g  kg−1) 0.83 2.94 17.76 30.32 1.58 13.61 3.04 13.44 3.19 7.31
MnO (g  kg−1) 0.10 --- 14.04 2.63 1.30 0.54 1.71 0.69 1.80 0.71
Ce (mg  kg−1) --- --- 2,019 2,478 1,545 1,168 1,393 909 503 696
P2O5 (mg  kg−1) --- --- 1,582 2,431 1,259 719 1,185 703 299 459
Cl (mg  kg−1) 144 372 940 1,025 662 668 629 683 162 150
CaO (mg  kg−1) --- --- 4,838 16,307 398 683 736 1,687 1,004 3,309
Cr (mg  kg−1) --- --- 385 736 248 47 231 99 83 144
Pb (mg  kg−1) --- --- 135 78 53 26 52 22 26 20
Zr (mg  kg−1) 14 68 382 407 29 168 60 183 71 70
Cu (mg  kg−1) 2 3 79 58 27 19 27 22 9 14
Rb (mg  kg−1) 13 --- 95 167 22 27 26 40 14 41
Bi (mg  kg−1) --- --- 69 --- 14 --- 18 --- 19 ---
Zn (mg  kg−1) --- 13 55 81 14 30 16 33 11 16
Y (mg  kg−1) --- --- --- 117 --- 14 --- 17 --- 22
V (mg  kg−1) --- --- --- --- --- --- --- --- --- ---
Ta (mg  kg−1) --- --- --- --- --- --- --- --- --- ---
Sr (mg  kg−1) --- --- --- 151 --- 13 --- 28 --- 35
Ni (mg  kg−1) --- --- --- 208 --- 18 --- 34 --- 48
Ba (mg  kg−1) --- --- --- --- --- --- --- --- --- ---
As (mg  kg−1) --- --- --- --- --- --- --- --- --- ---
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Assessing hazardous elements via pXRF

The values reported by pXRF in Table 1 represent the 
total elemental composition. Although pXRF is not 
an official method for assessing soil contamination 
in Brazil (e.g., mining areas), Kilbride et  al. (2006) 
found a strong correlation between pXRF and aqua 
regia digestion followed by ICP-OES quantification 
for Cu, Pb, As, Cd, Zn, Fe, Ni, and Mn. Also, Wallis 
and Walker (1999) demonstrated that pXRF was very 
accurate for determining As and Pb concentrations in 
mining areas. In Brazil, contamination assessment of 
soils and sediments is based on semi-total threshold 
values established by the National Environmental 
Council (Conama Resolution, 420/2009). The fol-
lowing elements are regulated based on semi-total 
concentration: As, Ba, B, Co, Cd, Cr, Cu, Hg, Mo, 
Ni, Pb, Sb, and Zn (Conama Resolution, 420/2009). 
From this list, only As, Cu, Cr, Ni, Pb, and Zn were 
detected via pXRF (Table  1). The assessment of 
contamination levels of these hazardous pollutant 
elements with pXRF is not possible since soil qual-
ity reference threshold values were established based 
on semi-total concentrations (Conama Resolution, 
420/2009). With this constraint, whenever presented, 
semi-total reference values are simply to put data in 
a broad perspective. Comparisons performed in this 
section are most valid when comparing pXRF data of 
alluvial mud vs. native  soil. Nevertheless, it should 
be stressed that total concentration lesser than estab-
lished semi-total threshold values indicate that bio-
available forms should be even lower in an environ-
mental risk assessment framework.

Most studies conducted in the impacted area by the 
Mariana dam disaster suggest that the alluvial mud 
is not a significant source of hazardous heavy metals 
(Davila et al., 2020; Guerra et al., 2017; Silva et al., 
2016). In some instances, the heavy metal concen-
trations in surrounding soils were higher than those 
found in mud (Davila et  al., 2020). However, other 
studies have found an increase in potentially hazard-
ous heavy metal concentrations after the dam collapse 
(Duarte et al., 2021). In our study, the mean total con-
centration of Cr in the mud samples was 231 mg  kg−1, 
which was higher than the level observed in surround-
ing soils (99 mg  kg−1). The Cr enrichment observed 
is possibly a result of the alluvial mud and river sedi-
ments mixed downstream (Duarte et  al., 2021). The 
Doce river basin has been reported to have a naturally 

higher Cr concentration than other regions of Minas 
Gerais state (281  mg   kg−1; Guevara et  al., 2018). 
For Pb, the obtained mean value (52  mg   kg−1) was 
lower than the established semi-total soil quality ref-
erence threshold value (72  mg   kg−1; Conama Reso-
lution, 420/2009). However, the mean Pb concentra-
tion in the alluvial mud was 2.4 times higher than that 
obtained in surrounding soils, and concentrations up 
to 135 mg  kg−1 were found (Table 1). Mean As con-
centration for mud and soil samples was 22.7 (± 11.7) 
mg  kg−1. However, this element was not detected in 
92% and 84% of mud and soil samples, respectively. 
Contrariwise, Duarte et  al. (2021) indicated that As 
sources were present in the area before the disaster 
and As concentration increased in the area due to sed-
iment remobilization.

Regardless of bulk or semi-total concentrations 
reported here and elsewhere (Almeida et  al., 2018; 
Davila et al., 2020; Duarte et al., 2021; Guerra et al., 
2017; Queiroz et al., 2018), most studies performed 
in the region confirm the high heterogeneity of the 
material deposited on river margins and its distinct 
composition when compared with surrounding soils. 
The occurrence of hazardous elements in alluvial 
mud raises concern since seasonal flooding can cause 
variations in the pH and redox conditions, which 
directly influences metal availability (Queiroz et al., 
2018). Moreover, the distinct chemical composition 
of alluvial mud and soils (Figs.  2 and 4; Table  1) 
suggest that element dynamics can be uncertain. 
Therefore, while heavy metal concentrations can 
be low overall, the potential availability of hazard-
ous pollutants in the impacted area implies thorough 
investigations and constant monitoring are needed to 
establish a safe new scenario for crop-livestock-for-
est production over impacted areas (Andrade et  al., 
2018; Fernandes et al., 2016).

Prediction of soil fertility properties using pXRF

In this study, RF regression was used to correlate 
pXRF variables with conventional laboratory anal-
ysis and predict fertility properties in mud and soil 
samples (Figs.  5, 6, 7, and 8). Notably, pXRF pro-
duced significant pH prediction accuracy (Fig.  5) 
in the pooled dataset (OOB R2 = 0.80). Moderate 
prediction performance was achieved for CEC1 
(OOB R2 = 0.52), CEC2 (OOB R2 = 0.53), and 
SOM (OOB R2 = 0.54). Additionally, RF yielded 
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Fig. 5  Random forest 
prediction of pH, exchange-
able Al, effective cation 
exchange capacity (CEC1), 
potential exchange capacity 
at pH 7.0 (CEC2), soil 
organic matter (SOM), and 
H + Al using portable X-ray 
fluorescence (pXRF) data 
for pooled mud and soil 
samples
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Fig. 6  Random forest 
prediction of available P 
(P-Mehlich), P-remaining 
(P-rem), and exchange-
able  Ca2+ and  Mg2+ using 
portable X-ray fluorescence 
(pXRF) data for pooled 
mud and soil samples
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moderate prediction accuracy for P-Mehlich (OOB 
R2 = 0.55), P-rem (OOB R2 = 0.52), available Ca and 
Mg (OOB R2 = 0.48 and 0.51, respectively) (Fig. 6), 
SB (OOB R2 = 0.49), BSP (OOB R2 = 0.57), m 
(OOB R2 = 0.48) (Fig.  7), and available Mn (OOB 
R2 = 0.50) (Fig.  8). Surprisingly, RF could not pro-
duce high prediction accuracy for available Fe (OOB 
R2 = 0.24), Zn (OOB R2 = 0.39), and Cu (OOB 
R2 = 0.40) (Fig.  8). The prediction performance 
worsened for exchangeable Al (OOB R2 = 0.36) and 
H + Al (OOB R2 = 0.46) due to a few samples with 
higher concentrations. 

The ability of pXRF to predict soil pH was dem-
onstrated earlier by Sharma et  al. (2014). However, 
the prediction accuracy for CEC1 obtained in our 
study (R2 = 0.52) was lower than observed in Sharma 
et al. (2015), which exhibited higher prediction accu-
racy (R2 = 0.91) for soil CEC1 using pXRF elemental 
data. Nevertheless, most predictions are reasonable 
since they were performed with the pooled samples 
(mud and soil), which consist of two chemically dis-
tinct matrices (Fig.  2). After the dam rupture, the 
relatively homogeneous mud (Silva et  al., 2016) was 
mixed downstream with several other materials (e.g., 
vegetation, native soils, river sediments, and slurry 
tanks). This resulted in a highly heterogeneous mate-
rial but without data and spatial distribution to allow 
an accurate prediction of soil fertility properties. An 
alternative to increase accuracy would be to generate 
prediction models for mud or native soils separately. 
However, this would require a much higher sampling 
intensity. In this initial screening, using pXRF was 
shown to be a feasible and practical tool for determin-
ing soil properties as a guide to establishing fertil-
ity management programs in the impacted areas. The 
results presented substantiate the conclusions made by 
Teixeira et al. (2020) where pXRF achieved reasonable 
predictions for soil pH, SB, CEC, BSP, and m for mul-
tiple Brazilian soils, while expanding pXRF applica-
bility to pooled heterogeneous mixed matrices (native 
soil + mud + river sediments).

The RF variable importance plots showed the 
influence of  Al2O3 and  K2O for predicting pH 
(Fig. 5). Indeed, other studies also have shown the 

influence of  Al2O3 and  K2O for predicting soil pH 
(Sharma et al., 2014). Notably,  Al2O3 also appeared 
influential for predicting SOM and CEC2 (Fig.  5). 
The influence of  Al2O3 for predicting several  soil 
properties can be attributed to the fact that it was 
one of the major compounds found in mud and 
soil samples—being higher in native soils (Fig. 2a; 
Fig.  4).  Al2O3 is present in the crystalline struc-
ture of kaolinite and gibbsite, which are commonly 
found in Brazilian soils (Teixeira et  al., 2020), 
including soils of impacted area (Duarte et  al., 
2021), and influence multiple processes in tropical 
soils such as organic matter and nutrient retention 
(Souza et  al., 2017). As expected  P2O5, CaO, and 
Mn were crucial for predicting P-Mehlich (Fig. 6), 
exchangeable Ca (Fig. 6), and available Mn (Fig. 8), 
respectively. CaO also appeared important for pre-
dicting SB in soil and mud samples (Fig. 7).

Conclusions

After the largest worldwide mining disaster, there is 
an urgent need for detailed characterization and con-
stant monitoring of impacted areas to promote suc-
cessful environmental rehabilitation. In this study, 
pXRF spectrometry was shown to be an effective 
method for providing rapid, environmentally friendly 
chemical characterization of impacted areas. Mud 
and native surrounding soils were clearly differenti-
ated based on chemical signatures determined via 
pXRF (mainly  SiO2,  Al2O3,  Fe2O3,  TiO2, and MnO), 
in which mud was richer than soil in  SiO2,  Fe2O3, 
and MnO, while native soils exhibited higher con-
centrations of  Al2O3 and  TiO2 than mud. Regarding 
potential pollutant elements, the total concentrations 
of Cr and Pb were higher in the impacted area com-
pared with surrounding native soils. Collectively, the 
distinct chemical composition and the potential pres-
ence of toxic elements suggest the need for continued 
monitoring to better understand the elemental dynam-
ics and assess possible human and environmental risk 
through time.

Both pXRF data and random forest models suc-
cessfully predicted pH regardless of substrate com-
plexity (e.g., alluvial mud or native soil), which is 
most important as pH has direct implications for 
metallic nutrient and contaminant availability and 
mobility. Moderate predictions were obtained for 

Fig. 7  Random forest prediction of sum of bases (SB), base 
saturation percentage (%), and Al-saturation on CEC1 (m) (%) 
using portable X-ray fluorescence (pXRF) data for pooled mud 
and soil samples

◂
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Fig. 8  Random forest pre-
diction of available Fe, Zn, 
Mn, and Cu using portable 
X-ray fluorescence (pXRF) 
data for pooled mud and 
soil samples
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SOM, CEC1, and CEC2, and available macro- and 
micronutrients, except for available Fe, Zn, and Cu. 
Results indicate that pXRF spectrometry can iden-
tify contamination hotspots, assess total elemental 
composition, differentiate alluvial mud from native 
soils, and reasonably predict related fertility prop-
erties. These findings demonstrate that the pXRF 
can be an important and rapid tool to intensify field 
sampling schemes with modest additional cost. 
Future efforts should use the pXRF in  situ to sub-
stantially increase the practically of environmental 
monitoring.
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