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ARTICLE INFO ABSTRACT

Editorial handling by de Caritat Patrice Multi-elemental analysis of high-density (regional-scale) geochemical surveys is an important strategy for multi-
purpose applications, particularly in addressing geochemical background concentrations in different sampling

Keywords: media. This approach was applied to the Itacaitinas River Watershed (IRW), which is situated in the most

Multi-element analysis prominent mining area of Brazil, the Carajas Mineral Province. Microcatchment-based mapping (~50 km? each)

Stream sediments

X . . covering the whole extent of IRW was delimited using remote sensing techniques and targeted for sampling. A
Microcatchment-based geochemical mapping

Iron total of 788 samples, including 27 duplicates, were collected in 2017. The <0.177 mm fraction of all samples was

Potentially toxic elements digested by aqua regia and 51 elements were analyzed by inductively coupled plasma atomic emission spec-

Southeastern amazon troscopy (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS). Geochemical maps for Fe and
potentially toxic elements (PTE; As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sn, V, and Zn) and microcatchment-
based distribution maps based on threshold values were constructed for the whole IRW. The stream sediment
geochemistry is mainly controlled by the local geologic setting and underlying lithology. Geochemical back-
ground (GB) values for 43 elements in stream sediments of the IRW were determined by a variety of methods
(Tukey’s inner fences -TIF, median + 2*median absolute deviation - MAD, and percentile-based techniques). The
results provided from the different methods show a wide range of values, with the MAD method being considered
the most appropriate for deriving GB concentrations. A comparison of reference levels for PTE contemplated in
the Brazilian regulation in stream sediments, the threshold concentrations obtained for the IRW area, and
different study cases around the world is presented in detail. Our findings provide not only valuable information
for selecting potential areas for mineral exploration surveys, but also for evaluating geochemical contaminant
effects with time-varying treatments. Studies conducted to determine background values at regional scale are
needed for environmental decision making, as well as to attest actions in cases of potential contamination. In the
absence of these studies, misleading interpretations of the magnitude of contamination levels in a certain area
may cause under- or overestimation of ecological and/or human-health risks of PTE.
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1. Introduction

Exploration and environmental geochemistry are research areas that
rely strongly on geochemical background (GB). The concept of GB has
not been clearly established and many different definitions of the term
have been used in the literature (Matschullat et al., 2000; Reimann et al.,
2018, 2005; Reimann and Garrett, 2005). Essentially, GB is often used to
distinguish between natural and anthropogenic element concentrations
(Reimann and Caritat, 2005). The upper background limit (UBL, also
known as threshold) is regularly used as reference to define action levels
in environmental legislation (Reimann et al., 2018; Reimann and Car-
itat, 2017). On the other hand, the lower background limit (LBL) has not
been widely discussed, perhaps due to its low relevance for exploration
purposes. However, the Water Quality Guidelines (WQGs) protocol of
Australia and New Zealand (Australian and New Zealand Environment
and Conservation Council - ANZECC and Agriculture and Resource
Management Council of Australia and New Zealand - ARMCANZ, 2000)
suggest not only the calculation of threshold values (UBL), but also of
LBLs as an important starting point to derive guideline values for stressor
and ecosystem receptor components, particularly for potentially toxic
elements (PTE). For instance, ANZECC and ARMCANZ (Australian and
New Zealand Environment and Conservation Council - ANZECC and
Agriculture and Resource Management Council of Australia and New
Zealand - ARMCANZ, 2000) suggest the use of the 80th percentile of
reference-site data to derive threshold, and the 20th percentile for
stressors that could cause problems at low concentrations. More con-
servative guideline values have been applied as a precautionary measure
where there are indications that deviation from the ideal reference
condition has potential to adversely affect ecosystems (Ander et al.,
2013; Australian and New Zealand Environment and Conservation
Council - ANZECC and Agriculture and Resource Management Council
of Australia and New Zealand - ARMCANZ, 2000).

Multi-elemental analysis of high-density geochemical surveys (MEA-
HDGS) is an important strategy in addressing GB levels for multi-
purpose applications (Caritat and Cooper, 2016; Cheng et al., 2014;
Costa et al., 2015; Labuschagne et al., 1993; Ripin et al., 2014; Salminen
and Tarvainen, 1997; Yuan et al., 2013). MEA-HDGS can provide
detailed information about the spatial variability of chemical elements
in relation to different influencing factors (e.g., geological domains,
topography, mineralization zones) in multiple sampling medias (e.g.,
soils, water and sediments) (Ander et al., 2013; Reimann et al., 2018).
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Under these circumstances, stream sediments collected at the catchment
outlet are representative of the source catchment area, and can provide
important information to evaluate the role of geogenic and/or anthro-
pogenic sources of contribution (Albanese et al., 2007; Darnley and
Garrett, 1990; Darnley et al., 1995; Gatuszka, 2007; Plant et al., 2001).

In Brazil, GB studies of stream sediment data from MEA-HDGS are
scarce, particularly in the Amazon region. The present study is associ-
ated to the ‘Itacaitinas Geochemical Mapping and Background Project’
(ItacGMBP), a regional scale MEA-HDGS being executed by the Instituto
Tecnoldgico Vale (ITV) in the Itacaitinas River watershed (IRW, Fig. 1).
The IRW (~42,000 kmz) is located in the north of the Tocantins Basin,
Brazil (Fig. 1). The region has ~700,000 inhabitants and encompasses
four major urban areas. It has a tropical monsoon climate (Alvares et al.,
2013) and was originally covered by the Amazon rainforest (Souza-Filho
et al., 2016). The topography of the region is divided into the Carajas
plateau (400-900 m), where most of the protected environmental areas
covered by pristine tropical forest are situated, and adjacent lower lands
(80-300 m) with predominance of pasturelands (Fig. 1). The IRW is
particularly relevant for geochemical studies because it is located in the
Carajas Mineral Province, the largest mining district of Brazil with active
mines of iron, copper, nickel, and manganese. Previous geochemical
surveys have been conducted in the region by the Geological Survey of
Brazil (Companhia de Pesquisa de Recursos Minerais - CPRM, 2013;
2012) and studies covering parts of the IRW have been recently pub-
lished (Salomao et al., 2018, 2019b, 2019a).

This study aims to present the results of geochemical mapping and
estimate GB values for 51 elements in stream sediment geochemical data
of the IRW using a series of statistical tools and geospatial techniques
(Cave et al., 2012; Johnson et al., 2012; Matschullat et al., 2000;
Reimann et al., 2018). Distribution maps based on threshold values were
created for the main elements related to mining in the province and for
PTE contemplated in the Brazilian environmental regulation (Conselho
Nacional de Meio Ambiente - CONAMA, 2012). Threshold values are
compared with stream sediment quality guideline values and their sig-
nificance as possible protective values is discussed. This study provides
geochemical reference values for stream sediments in an extremely
important mining province in the Amazon region.

2. Geological setting

The IRW exhibits a complex geological setting located in an area
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comprising the eastern Amazonian Craton and the extreme north of the
Araguaia Belt (Fig. 2a) (Alkmim, 2015; Feio et al., 2013; Martins et al.,
2017; Santos, 2003). For the purpose of geochemical mapping, the study
area can be divided into four main geologic settings (Dall’Agnol et al.,
2013; Feio and Dall’Agnol, 2012; Santos et al., 2013): Rio Maria,
Sapucaia and Canaa dos Carajas domains (RM-S-CC), that occupy the
southern portion of the IRW; Carajas Basin (CB), in its central portion;
Bacaja Domain (BD), to the north; and Araguaia belt (AB), to the east
(Fig. 2).

The RM-S-CC domains are formed mainly by Mesoarchean granit-
oids, with composition ranging from tonalite-trondhjemite-granodiorite
(TTG), Mg-rich granitoids (sanukitoids) and leucogranodiorites to leu-
cogranites, as well as granulitic units (Chicrin-Cateté Orthogranulite),
and metamafic-ultramafic greenstone belts (Feio et al., 2013; Machado
et al., 1991; Moreto et al., 2015). During the Neoarchean were formed
A-type granitoids, charnockitic and mafic-ultramafic bodies that
cross-cut Mesoarchean units (Barros et al., 2009; Dall’Agnol et al., 2017;
Mansur and Ferreira Filho, 2017; Marangoanha et al., 2019; Rosa,
2014). In the RM-S-CC domains are located the On¢a-Puma (Ni) and
Sossego (Cu) active mines.

The CB is composed of Neoarchean metavolcano-sedimentary se-
quences with dominance of mafic to intermediate rocks and banded iron
formations (BIF), the latter responsible for the Fe deposits of the Carajas
region (Gibbs et al., 1986; Machado et al., 1991; Martins et al., 2017).
These sequences are cross-cut by Neoarchean A-type granite plutons
(Barros et al., 2009; Sardinha et al., 2006), and minor mafic—ultramafic
stratified bodies (Vasquez et al., 2008), and by Paleoproterozoic A-type
granite suites. Important Fe (N4, N5, S11D and Serra Leste) and Mn
(Azul) mines are located in this segment.
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In the BD, the most widely distributed rocks are high-grade char-
nockite rocks from the Cajazeiras Complex, with subordinate mafic
ortho-granulite and metasedimentary high-grade rocks, supracrustal
metamorphic rocks (greenschist to amphibolite facies) of the Tapirapé
Formation, and metasedimentary lithologies of the Buritirama Forma-
tion, with associated ultramafic schists and BIFs (Macambira et al.,
2009; Vasquez et al., 2008; and references therein). In this domain is
located the Buritirama mine (Mn).

The AB is mainly composed of low grade metasedimentary rocks of
the Couto Magalhaes and Pequizeiro formations (Alvarenga et al.,
2000). Associated to those units, there occur some mafic-ultramafic
bodies (Vasquez et al., 2008). Sedimentary units of the Phanerozoic
Parnaiba Basin cover locally the units of the AB and BD (Vasquez et al.,
2008). Quaternary lateritic crusts and alluvial deposits have greater
expression in the AB (Vasquez et al., 2008).

3. Material and methods

3.1. The computer-based framework for the high density geochemical
survey

A computer-based framework associated with Geographic Informa-
tion System (GIS) was set up to provide support in sampling strategies,
data storage, screening and validation. A specific geochemical database
was structured to guide sample location and store all field data using
tablets and gradually additional related information as analytical results
and geochemical maps. The structure of the framework is essentially
composed of three integrated components (Fig. 3):
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i. An iPad application for sample collection developed in Swift,
which allows a real time connectivity among field work teams
and the operational office.

ii. A server back-end written in Java, which receives data from iPads
in the field, and acts as a central repository for sample data
sharing, by using a combination of scripts developed in R (R Core
Team, 2013) and QGIS (QGIS Development Team, 2009).

iii. R scripts generate reports and statistical plots, match analysis
data from the laboratory with their corresponding samples in the
database, and detect anomalous results due to laboratory error.

3.2. Sampling strategy

Initially 920 microcatchments (~50 km?> each) covering the whole
extent of IRW were delimited using remote sensing techniques and
targeted for sampling. As a rule, only one representative sample should
be collected near the outlet of the respective microcatchment, but this
was impossible in some places due to limited access. The final distri-
bution of the sampled catchments is shown in Fig. 1. After strong efforts
to access a maximum of sampling sites, 761 catchments could be
sampled and, of these, 27 were sampled in duplicate. Most of the
unsampled sites are located in indigenous lands and remote protected
areas covered by tropical forest with severe access limitations. For each
sampling site, two samples, one of stream water and another of stream
sediment were collected. Stream water sampling procedure and
geochemical results are presented by Sahoo et al. (2019) and Salomao
et al. (2018). Sediment samples (3 kg per sample) were collected from
0 to 10 cm depth.

3.3. Sample preparation and chemical analyses

All samples were oven-dried at 70 °C and homogenized and a bulk
split (c. 50%) of each sample was archived for future investigations. The
remainder material was riffle split and sieved to <80 mesh (0.177 mm)
fraction. Approximately 50 g of stream sediment samples was grounded
and sieved through a 200 mesh (<75 pm) sieve and stored in polythene
bags. Microwave assisted, aqua regia (HNOs + 3HCI) digestion of the
<75 pm fraction produced the analyte for chemical analyses. Chemical
analyses were carried out for 51 elements using Inductively Coupled
Plasma - Atomic Emission Spectrometry (ICP-AES; Al, Ca, Fe, K, Mg, Na,
S, and Ti), and Inductively Coupled Plasma - Mass Spectrometry (ICP-
MS; Ag, As, Au, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge, Hf, Hg, In, La,
Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Re, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, T, U, V,
W, Y, Zn, and Zr) at ALS Brasil Ltda, a certified/accredited laboratory.
Six certified reference materials (AMIS0096, BCS-348, BXMG-5,
GBM303-4, GBM908-10 and MRGeo08) were used for quality assurance
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and quality control (QA/QC) purposes. Protocols for sample preparation
and analytical methods are similar to those adopted by the National
Geochemical Survey of Australia (NGSA) manuals (Caritat et al., 2009).

3.4. Statistical data analysis for the determination of geochemical
background values

The whole dataset of stream sediments chemical analyses was sub-
mitted to non-parametric statistics and exploratory data analysis.
Censored data (analytical values below the detection limit, <LLD) were
replaced by 'ALLD. Descriptive statistical parameters and normality
(Lilliefors test) of element concentrations were calculated. In addition,
to the results of univariate statistics (e.g., boxplots, histograms and
probability plots) simple common logarithmic (logio) transformation
was applied, whenever appropriate. Data analysis was performed under
R programming language in RStudio (RStudio Team, 2015), associated
to a combination of R packages (Epskamp et al., 2018; Filzmoser, 2015;
Gross and Ligges, 2015).

Geochemical background values were determined integrating a va-
riety of statistical methods: the Tukey’s inner fences (TIF), the median +
2*median absolute deviation (MAD), the 98th, 95th, 90th and 75th
percentiles (Ander et al., 2013; Cembranel et al., 2017; Reimann et al.,
2018, 2005; Reimann and Caritat, 2017, 2005; Salomao et al., 2018).

A requirement for using TIF and MAD techniques is that for a given
dataset, the element should follow a normal distribution (Reimann et al.,
2018, 2008), unusually seen in geochemical dataset. Hence, to use those
methods, the data should be prior transformed to common logarithm
(log10) scale (Eq. (1)), where X j) is the raw dataset (usually in mg kg’1
or/and at.%) and y () is the logyo transformed data. Then the results are
back-transformed by raising 10 to the power of the obtained result.

Yy =10go x5 .

The TIF method was originally based on Tukey (1977) and it is
strongly recommended by Matschullat et al. (2000) and Reimann et al.
(2005). The upper (Q3) and lower (Q1) quartiles (often referred as
hinges) of the boxplot, contains approximately 50% of the data. Then,
the inner fence is determined as the interquartile range (IQR) extended
by 1.5 times, and the upper and the lower whiskers are defined as the
farthest observation inside the inner fence from each end of the box. The
UBL or threshold value and the LBL based on TIF method are calculated
following Eq. (2) and Eq. (3), respectively:

TIFUI)[)er limit = 10(Q3m+ LS.IQR(‘)) (2)

TIF e timis = 10(21017 1370R0)) 3)
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Fig. 3. Schematic representation of the computer-based framework for the ItacGMBP project development.
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According to Reimann et al. (2018), the TIF method depends only on
the data distribution and it allows the definition of background values
even if no outliers are present in the data set. In other words, the ob-
tained UBL can be greater than the maximum value obtained in the
dataset, as it extrapolates from the Q1 to Q3 quartiles of the data’s
structure. However, the boxplot function is most informative if the true
number of outliers is below 10% (Reimann et al., 2005).

The MAD is one of the most prestigious methods for deriving back-
ground values (Reimann et al., 2005). In this approach, the median
absolute deviation (MADj, Eq. (4)), calculated with a constant of 1.48,
leads to a consistent estimation of the underlying standard deviation
(Reimann et al., 2018).

MADyy) = 1.48-median;|y; — median; (y;)| (©)]

At this stage, the result should be back-transformed according to Eq.
(5) and Eq. (6) in order to derive the UBL and LBL, respectively:

MADUppEr limit = lo(mzdian(‘ﬁ ZI[MAD"D (5)

MAD¢pwer timin =1 O mediancy = > [any]) (6)

The most simplistic methods for deriving UBL or threshold values are
the percentile-based approaches (Ander et al., 2013). The 98th percen-
tile presents similar results to the Mean + 2*SD, when a normal distri-
bution of a given element is satisfied (Hawkes and Webb, 1962; Reimann
et al., 2005; and references therein). The 95th percentile corresponds to
a more restricted background range, so it considers the 5% of all samples
as upper ‘outliers’. For the present study the 90th and 75th percentiles
were considered because they were suggested as a possible quality
guidelines by CONAMA (2012, 2009, 2004). The adopted LBLs follow
the proportionally for the left side of the distribution (e.g., 2%-98%;
5%-95%; 10%-90%; 25%-75%, cf. Fig. 4).

Geochemical background results were compared in cumulative
probability (CP) distribution diagrams (Ander et al., 2013; Cave et al.,
2012; Johnson et al., 2012) and are presented for selected elements in
the result section and for all 51 elements in supplementary materials
(Fig. 8SM). CP diagrams are considered the most rigorous procedure for
the establishment of background values (Reimann et al., 2018). How-
ever, this method did not receive the preference of the present authors
because it involves a certain amount of subjectivity.

3.5. Spatial representation of stream sediment geochemical data

The GIS environment was designed according to the World Geodetic
System 1984 (WGS84) datum. The software ArcGIS 10.4.1 (Esri, 2016)
was used for the construction of maps and for geospatial techniques.

Applied Geochemistry 118 (2020) 104608

Spatial distribution maps of stream sediments were based on two tech-
niques: i) spatial interpolation according to the classic Inverse Distance
Weighting (IDW) method (Cheng et al., 2014; Lima et al., 2003) for the
evaluation of regional geochemical patterns; and, ii) Catchment-based
representation of uni-element concentrations in stream sediment (Bon-
ham-Carter et al., 1987; Carranza, 2011; Carranza and Hale, 1997;
Salomao et al., 2018) based on threshold values for the identification of
concentrations above the regional background.

4. Results

The integrated results for the stream sediment geochemical data of
the ItacGMBP project are presented here for the first time. Descriptive
statistics of the 51 analyzed chemical elements in 761 samples are
summarized in Table 1 in both, raw and log;o-transformed data. The
lower (LLD) and upper (ULD) limits of detection for the analytical
method adopted in the project, as well as their concentration units, are
also presented (Table 1). The proportion of analytical values < LLD
revealed that the large majority of the elements (40) has <15% of data
< LLD; Sb, Na, Te, Ge, S, and Se have 20-62% of data < LLD; and, Au, Ta,
Re, B, and W have >80% of data < LLD. No analytical values exceeded
the ULD. The mean, minimum, 1st quartile (Q1), median (M), 3rd
quartile (Q3), maximum concentration and measures of variation/de-
viation (e.g., standard deviation, median absolute deviation, skewness
and kurtosis) are presented in Table 1. Normality test revealed non
normal distribution (p value < 0.001) for all elements in raw data. Log -
transformed data of some elements (e.g., Pb, Ga, La, Sr, P, U, Th, Co, Y,
V, AL, Mn, Rb) follows a normal distribution or get closer to it. To
complement the descriptive statistics, a comparison of boxplots ordered
by increasing median in mg kg ™! converted to log10 transformed data is
displayed in Fig. 5.

In this study, spatial distribution maps were constructed only for Fe
and PTE. IDW interpolation maps for Fe, Mn, Cr, Ni, Cu, Mo, As, and Hg
(Fig. 6) and Ba, Cd, Co, Pb, Sn, V, and Zn (Fig. 6SM) were constructed to
evaluate their regional distribution. Catchment-based distribution maps
based on threshold values for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn (Fig. 7)
and Fe, Mn, Ba, Co, Mo, Sn, and V (Fig. 7SM) were used to identify
concentrations above the regional background (cf. Table 2).

Geochemical background values for 43 elements in 761 stream
sediment sites of the IRW estimated by a variety of methods (TIF, MAD,
and percentile-based background) and the number of samples <LBL and
>UBL are presented in Table 2SM. Eight elements, Au, B, Ge, Re, S, Sb,
Ta, and Te were not included in Table 2SM because they presented a
large proportion of values < LLD. In this study, only threshold values of
Fe and selected PTE (As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sn, V,
and Zn) are going to be discussed (Table 2). CP distribution plots were
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Fig. 5. Comparison of boxplots for 51 elements in active stream sediments of the IRW after aqua regia digestion ordered by increasing median value in mg kg~!

converted to log;o transformed data.

constructed for six selected elements (Cu, Mo, Fe, Mn, Ni, and Cr) in
stream sediments of the IRW, showing also both the UBL and the LBL
estimated by a variety of methods (cf. Table 2) for each of the referred
elements (Fig. 8). CP plots for all 51 elements are provided in the sup-
plementary material (Fig. 8SM), however only threshold values are
indicated.

A comparison of reference levels for PTE (e.g., As, Cd, Cr, Cu, Hg, Ni,
Pb, and Zn) contemplated in the Brazilian regulation (CONAMA, 2012)
in stream sediments, the threshold concentrations obtained for IRW area
and different study cases around the world (Albanese et al., 2007; Cheng
et al., 2014; Costa et al., 2015; Larizzati et al., 2014, 2018; Mineropar,
2001; Rodrigues et al., 2013; Salomao et al., 2019b; Teng et al., 2009) is
provided in Table 3. Some characteristics of those studies were high-
lighted as important for the interpretation and comparison, for instance:
the area of investigation (kmz), the sample size (n), the particle size
(mm) submitted for analysis and the analytical and statistical approach
for deriving concentration values. In addition, intervention limits
established by the Brazilian (CONAMA, 2012), the Canadian (Canadian
Council of Ministers of the Environment - CCME, 2001), the Dutch (Hin
et al., 2010), the Australian (Department of Environment and Conser-
vation - DEC, 2010) and the New Zealand (Australian and New Zealand
Environment and Conservation Council - ANZECC and Agriculture and
Resource Management Council of Australia and New Zealand - ARM-
CANZ, 2000) environmental legislation are compared, as well as, addi-
tional freshwater sediment quality guidelines (SQGs) (Environment
Canada - EC and Ministere de I’Envionnement du Quebec - MENVIQ,
1992; Hin et al., 2010; Long and Morgan, 1990; MacDonald et al., 2000;
Persaud et al., 1993; Smith et al., 1996) that have been based on various
approaches, are also presented in Table 3.

Note: AR = aqua regia; EDTA5% = Ethylenediaminetetraacetic acid;
ICP-MS = Inductively coupled plasma-mass spectrometry; ICP-OES =
inductively coupled plasma optical emission spectrometry; XRF = X-ray
fluorescence; 75th = 75th percentile; MAD = Median +2*Median Ab-
solute Deviation; TIF = Tukey Inner Fence; MAA = Multiple Analytical
Approaches; ELA effects level approach; ERA effects range
approach; SLCA = screening level concentration approach; ‘* = Data
extracted from; ‘4> = Compiled by ‘-’ = Not applicable or not mentioned.

5. Discussions
5.1. Regional distribution of selected elements in the IRW

IDW interpolation and microcatchment-based distribution maps of
selected elements in stream sediments of the IRW presented (Fig. 6) can
assist in defining dominant regional geochemical trends. From that as
well as geological data (Fig. 2b), it is also evident that positive and
negative anomalies are mostly related to the geotectonic domains of the
region and dominant local lithologies.

The Carajas Mineral Province hosts a large variety of polymetallic
ore deposits (Gibbs et al., 1986). Reviews addressing the general aspects
(Grainger et al.,, 2008; Xavier et al, 2012) and compilations of
geochronological data and metallogenesis (Melo et al., 2016; Moreto
et al.,, 2015, 2014) of copper deposits in Carajas provide a general
overview on Cu-Au mineralization origin in the Carajas Domain. The
Iron Oxide Copper Gold (IOCG) ore deposits are mostly arranged along
two main zones called Northern (Cinzento Fault, 2.57 Ga; e.g., Salobo,
Paulo Afonso, GT46/Igarapé Cinzento, Grota Funda, Serra Verde, and
Furnas; Melo et al., 2016) and Southern (Canaa Fault, 2.72-2.68 Ga; e.
g., Sossego, Cristalino, Bacaba, 118, Castanha, and Estrela; Monteiro
et al., 2008; Moreto et al., 2015, 2014) copper belts. These two copper
mineralized belts are clearly registered in the stream sediment
geochemical data of Cu (Figs. 6 and 7). Anomalous values are also
observed for Sn and Mo in similar areas (Figs. 6 and 6SM), which sug-
gests that their enrichments are related to the same hydrothermal
alteration processes responsible for Cu-mineralization.

Higher concentrations of Fe (Figs. 6 and 7SM) are mainly observed in
the Carajés basin in areas of occurrence of continental meta-tholeiitic
basalts and rhyolites (Parauapebas Formation), associated with BIF
and volcanogenic sediments (Carajas Formation). The world-class iron
deposits of Carajas (e.g., N4, N5, S11D) are related to the ferruginous
crusts associated with the Carajas Formation. High anomalous values of
Fe were also registered in the Bacaja Domain, and are mainly associated
with the Tapirarapé metamafic rocks and Buritirama metavolcanosedi-
mentary sequences. Additionally, minor Cu-Zn disseminated volcano-
genic deposits (e.g., Pojuca) are also reported in the area and are
coincident with the higher values of Zn in the basin (Fig. 6SM and 7).

Nickel, Cr, and Co exhibit a similar spatial distribution and occur in
all four main geologic domains of the IRW (Figs. 6 and 6SM). These
metals are commonly associated and it is well-known their relationship
with occurrences of mafic-ultramafic layered intrusions (Salminen et al.,
1998; Ure and Berrow, 1982). In the IRW, Ni, Cr, and Co are linked to the
Cateté Suite, which includes the Onga, the Puma, the Vermelho, and the
Luanga complexes (Machado et al., 1991; Mansur and Ferreira Filho,
2017; Rosa, 2014) and, in a minor degree, with the metavolcanic se-
quences of the Itacailinas Supergroup, the Mesoarchean Sapucaia
greenstone belt (Sousa et al., 2015; Vasquez et al., 2008), the Neo-
archean Serra do Tapa and the Quatipuru mafic-ultramafic complexes of
the Araguaia belt and, in the Bacaja domain, with the Tapirapé meta-
mafic rocks and mafic granulites (Figs. 2 and 6). The Onca-Puma Ni
mines are situated in the southwestern area of the IRW in the RM-S-CC
domains.

Patterns of Mn distribution are similar to those of Ni, Cr, and Co.
However, the most prominent Mn concentrations are situated in the BD
(Fig. 6), which contains several Mn deposits, as well as the Buritirama
Mn mine, mostly related to the Buritirama formation (CPRM, 2018;
Salgado et al., 2019; Vasquez et al., 2008). The Azul Mn mine is located
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Fig. 6. Inverse distance weighting distribution maps of (a) Cu, (b) Mo, (c) Fe, (d) Ni, (e) Cr, (f) Mn, (g) As and (h) Hg in the Itacaitinas River Watershed. Dashed black
line indicates geotectonic boundaries (refer to Fig. 2).
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Fig. 7. Geochemical distribution maps for (a) As, (b) Cd, (c) Cr, (d) Cu, (e) Hg, (f) Ni, (g) Pb and (h) Zn showing catchments with concentration > UBL (threshold) in
IRW estimated by a variety of methods: Tukey Inner Fence (TIF), Median + 2*Median Absolute Deviation (MAD), and the 98th percentile. Refer to Table 3 for the
calculated UBL values. Dashed black line indicates geotectonic boundaries (refer to Fig. 2). Inverse distance weighting distribution maps for the same elements are

presented in Fig. 6 (Cr, Cu and Ni) or in Fig. 7SMa.

in the Carajds basin were high anomalous contents of Mn are also
observed. The same is true in the Araguaia belt, particularly in the upper
courses of the Vermelho and Soror6 rivers. This local enrichment in Mn
could be related to geomorphological/pedological characteristics of the
AB. A previous study about the spatial distribution of heavy metals in
surface water of Vermelho and Soror¢ rivers (Salomao et al., 2018,
Fig. 1) revealed that the concentrations of Fe and Mn in those water

bodies are exceptionally high and are controlled by biogeochemical
processes and geomorphological features. During weathering processes,
Mn and Fe are released into streams in detrital phases and/or as sec-
ondary Mn** oxides that form either discrete concretions or surface
coatings on primary minerals and lithic fragments (Salminen et al.,
2006).

The arsenic distribution in the IRW is markedly distinct from that of
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Threshold concentration of 14 selected PTE and Fe in 761 stream sediment sites of the IRW estimated by a variety of methods: Tukey Inner Fence (TIF), Median +
2*Median Absolute Deviation (MAD), and percentile based background (98th, 95th, 90th and 75th). The number of samples above the upper background limit (UBL) is
presented. Table 2SM in Supplementary material has information for all 51 elements.

Elements Geochemical background values for the Itacaitinas River Watershed Number of samples above UBL, n>
TIF MAD 98th 95th 90th 75th TIF MAD 98th 95th 90th 75th

As 30.81 7.57 11.38 7.4 4.30 1.5 1 37 16 38 76 187
Ba 303.75 199.66 257.97 180.0 140.0 90.0 9 34 16 37 76 185
Cd 0.06 0.08 0.11 0.08 0.04 0.02 55 39 12 27 72 172
Co 96.97 44.07 46.05 28.90 21.10 10.8 1 17 16 38 75 190
Cr 323.09 154.78 224.40 140.00 90.00 47.0 7 30 16 37 76 188
Cu 320.30 138.15 178.70 118.50 69.40 26.40 6 31 16 38 76 190
Fe 21.16 10.65 13.06 8.48 6.11 3.55 4 25 16 37 76 190
Hg 0.56 0.14 0.14 0.11 0.08 0.05 0 17 12 30 73 151
Mn 7862.79 3759.73 3368.0 2100.0 1520.0 837.0 5 11 16 38 76 189
Mo 2.28 1.27 2.01 1.18 0.85 0.48 14 34 16 38 75 189
Ni 60.93 33.90 59.04 36.0 21.40 10.40 15 42 16 38 76 190
Pb 58.79 35.55 29.08 25.4 20.4 13.40 2 6 16 36 76 188
Sn 4.68 2.27 2.18 1.70 1.3 0.9 3 14 16 37 66 147
\Y 436.29 203.04 213.17 151.0 110.0 53.0 2 17 16 38 76 187
Zn 91.12 59.90 99.77 59.0 43.0 27.0 17 38 16 38 70 180

Note: Iron concentration is expressed in atomic percentage (at.%) and the remaining elements in mg kg . ‘Bold’ UBL > maximum.

other chemical elements. It shows higher concentrations in the Araguaia
belt and in some areas of the Carajas basin, while is extremely depleted
in the Mesoarchean domains of the southern IRW (Fig. 6). The enrich-
ment of As in the AB may be related to the occurrences of carbon-rich
cherty phyllites and graphite schists located at the western part of the
AB (Moura et al., 2008; Paixao and Gorayeb, 2014; Villas et al., 2007).
Arsenic will remain mobile in water (As®™) only if pH and Eh are low
(Wedepohl, 1978), which is not the case for the AB region, where
measured pH values are near neutral to moderately alkaline (between 6
and 8; Salomao et al., 2018). Besides, under the surface-oxidized con-
ditions prevalent in the AB, the small amount of dissolved As (<1 pg/L)
is rapidly oxidized onto As®* (insoluble) and becomes adsorbed to hy-
drous oxides of Fe and Mn, naturally abundant in the region (Salomao
et al., 2018) or onto potassic clays (Melo et al., 2007) and organic matter
(Ure and Berrow, 1982).

Mercury contents in the stream sediments of IRW are not high
(<0.27 mg kg™%; Fig. 6) and the lowest values are registered in the
Mesoarchean domains of southern IRW and in the AB to the east.
Comparatively higher concentrations of Hg are observed in the CB and
in the BD. The anomalous values of Hg in the CB are more probably
related to the hydrothermal mineralized zones of the northern and
southern copper belts (Fig. 6), as Hg can occur as a trace constituent in
some sulphide minerals (Kabata-Pendias and Pendias, 2001; Salminen
et al., 2006). Those anomalous values from the BD are not easily
understood.

The regional distribution of the selected elements indicates a pro-
nounced control on stream sediment geochemistry by the underlying
geologic setting and catchment lithology. The geochemical maps (Figs. 6
and 6SM), give not only valuable information for selecting potential
areas for mineral exploration surveys, but also for evaluating
geochemical contaminant effects with time-varying treatments.

5.2. Geochemical background of the IRW

GB values determined in this study demonstrate the large variations
of elemental concentrations in stream sediments of the IRW. Diversified
statistical methods were used to derive GB concentrations and they
provided different results, showing commonly a wide range of values
(Table 2). By assuming that a single threshold value derived from a
specific method will not necessarily represent the study area, not only
because of the specificities of each method, but also due to the accen-
tuated variations of background in space reflecting the strong imprint of
geologic domains (Figs. 6 and 7). Statistical techniques proposed in the
literature (Ander et al., 2013; Cembranel et al., 2017; Reimann et al.,
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2018, 2005; Reimann and Caritat, 2017, 2005; Salomao et al., 2018)
were applied in this study. One reason behind some wide differences
between the results given by each statistical method is linked to the
different central criterion inherent to these methods and its influence in
the obtained GB values. For instance, the TIF relies on the 75th
percentile (i.e., the Q3 quartile) and the (IQR of the log;(-transformed
data, whereas the MAD has its central criterion related to the median
and the median deviation of the data distribution. On the other hand,
percentile-based approaches deliver a fixed number of sites for each
element that needs attention. In the case of the stream sediment of the
IRW, for the 98th, 95th, 90th, and 75th methods, respectively, a
maximum of 16, 38, 76 and 190 sites presented anomalous values and
hypothetically should need attention (Table 2). However,
percentile-based approaches do not present a valid scientific explanation
on why 2, 5 or 10% of the samples should be considered as ‘anomalous’
regardless of the statistical data distribution (Reimann et al., 2018).
Additionally, as most of the GB values are usually greater than the 90th
percentile, presenting the 90th, 95th, and 98th percentiles is important
because they are reference concentrations to evaluate background
values derived from other methods. Besides, these percentile-based
values are employed by some environmental agencies to define
threshold (Ander et al., 2013; Reimann and Caritat, 2017). In the case of
Brazil, CONAMA (2012, 2009, 2004) suggests the use of the 90th and the
75th percentiles to derive quality reference values.

In general, threshold values obtained for the stream sediment dataset
of IRW follow either the ordered sequences TIF > MAD>98th or
TIF>98th > MAD (cf. Tables 1 and 2), similarly to what was observed in
other studies (Reimann et al., 2018; Reimann and Caritat, 2017; Sahoo
et al., 2019a; Salomao et al., 2018, 2019b). An exception is observed for
Zn, for which GB values presented the order 98th > TIF > MAD>95th
(Table 2). Additionally, MAD values generally are greater than the 95th
percentile, however, for Cd, Ni, Zr, and Hf, MAD fluctuates between the
90th and the 95th percentiles (Tables 2 and 2SM).

According to Reimann et al. (2018), the TIF method depends only on
the data distribution and allows the definition of background values
even if no outliers are present in the data set. In other words, the ob-
tained UBL or threshold can be greater than the maximum value ob-
tained in the dataset (e.g., Al, Be, Ga, Hg, and In; Tables 1SM and 2SM),
as it extrapolates the 75th percentiles of the data’s structure.

When comparing the different statistical methods to derive GB
values, it is evident that the 75th percentile is not suitable for this
purpose. The anomalous values obtained by this method are too elevated
and do not reflect the stream sediment environmental contamination in
the IRW. For instance, in the case of As (Fig. 7a), if we consider the 75th
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Fig. 8. Cumulative probability (CP) distribution diagrams for six selected elements (Cu, Mo, Fe, Mn, Ni, and Cr), in stream sediments of the IRW. The solid vertical
lines are upper background limits and the dashed vertical lines are the lower background limits estimated by a variety of methods (cf. Table 3). CP plots for all 51

elements are provided in the supplementary material, Fig. 8SM.

percentile as a threshold, a large number of sampling sites need atten-
tion, particularly in the eastern part of the IRW. However, as discussed
previously, the large number of anomalous values observed for As in the
Araguaia belt is strongly controlled by the catchment lithology domi-
nant in that geologic domain (Figs. 2 and 6). In fact, the high As values
observed are strictly related to natural or geogenic local characteristics
and do not necessarily correspond to an environmental problem that
needs attention. On the other hand, the strong contrast in As spatial
distribution in the IRW indicates the need for calculation of specific
values of As background in the different geologic domains of the IRW.

Furthermore, both UBL and LBL derived from the MAD approach
correlate well with the major breaks in the CP diagrams (Fig. 8). This
suggests that the MAD method can be a valid option in defining
threshold instead of applying the subjectivity of the cumulative proba-
bility method. Conclusively, for the stream sediment dataset of the
ItacGMBP project, we consider that the MAD method gives the most
appropriate results for deriving GB values. Sahoo et al. (2019a) reported
similar conclusions in the study of GB in soils of the Parauapebas
sub-basin of the IRW. The GB values indicated by MAD (Table 2) can be
used as references to stablish comparisons between element concen-
trations in stream sediments of the IRW at the regional scale. However,
the MAD method usually gives conservative values when compared with
the TIF (Reimann et al., 2018; Reimann and Caritat, 2017) and this
aspect should be considered because the number of sites needing
attention is comparatively higher. At this point, it should be remem-
bered that the number of sites above the threshold values presented in
Table 2 results merely of statistical calculation. Further studies should
be undertaken in order to select the real number of sites that truly need
attention to ensure the best cost-benefit results.

Finally, as systematically discussed in this study as well as in others
(Reimann et al., 2018; Reimann and Caritat, 2017; Sahoo et al., 2019a;
Salomao et al., 2018, 2019b), the influence of the local geology on the
GB values is remarkable. As a consequence, calculating background
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concentrations of chemical elements in a given area without considering
the geologic setting and lithologies is a simplistic approach. In conclu-
sion, for geological domains showing strong geochemical contrasts, as
exemplified by Cu and As spatial distribution in the IRW (Fig. 6), it is
more suitable to define different background values than to work with
misleading integrated values. A similar approach is highly recom-
mended by the guideline procedures of the Ministry of the Environment
of Finland (MEF, 2007).

5.3. Integrating geochemical maps with background values for the
assessment of SQGs

Microcatchment-based representation of uni-element concentrations
in stream sediment based on threshold values for the identification of
concentrations above the regional background are provided in Figs. 7
and 7SM. The microcatchments showing anomalous values for envi-
ronmental concern (higher than TIF, MAD, and 98th) are highlighted
and the microcatchments with values > 75th and <75th are also indi-
cated as reference to the understanding of each element behavior in the
IRW. This option was done based on the previous discussion on
geochemical background of the IRW, which demonstrated that MAD,
followed by TIF and 98th, are the preferential methods to define back-
ground values and that the 75th percentile should be seen only as con-
servative reference values.

Among the PTE, for As (Fig. 7a), UBL above 98th and MAD are
notably concentrated in the Araguaia belt in the eastern part of the IRW.
Other values, higher than TIF, 98th, and MAD, occur sparsely in the
Carajas basin. The RM-S-CC domains and Bacaja domain are practically
devoid of high anomalous values. Copper (Fig. 7d), Cd (Fig. 7b), Zn
(Fig. 7h), and Mo (Fig. 7eSM) values above TIF, 98th, and MAD are
concentrated in the Carajas basin and appear to be essentially controlled
by the hydrothermal mineralized zones related to the northern and
southern copper belts. Chromium (Fig. 7c), Ni (Fig. 7f), and Co
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(Fig. 7dSM) values higher than TIF, 98th, and MAD, are dispersed in the
IRW and reflect mostly lithological control. Iron (Fig. 7aSM) anomalous
values are concentrated in the Carajas basin and controlled by the fer-
ruginous crusts derived from banded iron formations. Manganese
anomalies (Fig. 7bSM) are also observed in the Carajas basin but are
remarkable in the Bacajd domain. Vanadium (Fig. 7gSM) apparently
behaves similarly to Mn. Barium anomalies mainly occur in the BD, CB
and RM-S-CC domains (Fig. 7cSM). Tin anomalies are scarce (Fig. 7fSM)
and possibly related to the occurrence of Paleoproterozoic anorogenic
granites in the IRW. Mercury (Fig. 7e) and Pb (Fig. 7g) anomalous values
are rare in the IRW and those of Hg are concentrated in the Bacaja
Domain.

The central question about all the identified anomalous values of PTE
in the IRW is to define: what is the origin and real significance of these
anomalies in environmental grounds? All presented evidence about the
elemental geochemistry in the IRW point to a dominant influence of
geotectonic domains and local lithologies better than to anthropogenic
effects. SQGs have been proposed in a wide range of studies in different
continents (Table 3). The SQGs are proposed to define pollutant con-
centrations in stream sediments and to evaluate their relationship to any
adverse effect resulting from the exposure to contaminants (CCME,
2001). The determination of SQGs can be acquired by several methods
(cf., MacDonald et al., 2000; and references therein; Table 3). The ap-
proaches that have been selected by individual jurisdictions basically
depend on four aspects (CCME, 1995; Dogan-Sag;lamtimur and Kumbur,
2010): i) the receptors to be considered,; ii) the degree of protection to be
afforded; iii) the geographic area to which the values are intended to
apply; and, iv) and their intended uses.

Studies conducted to determine background values are needed for
decision making in environmental management. Geochemical back-
ground values are important to attest actions in cases of potential
contamination. In the absence of these studies, misleading in-
terpretations of the magnitude of contamination levels in a certain area
may cause under- or overestimation of GB (Fernandes et al., 2018;
Rodrigues et al., 2013). For instance, a high concentration value of a
given chemical element for a certain area can correspond to an average
or even low concentration value in comparison to another area, and this
can be due essentially to contrasts in geological setting and dominant
lithologies of the considered areas. For this reason, the use of reference
concentrations for a whole continent or large areas in general and/or
extrapolating GB values from an area to another one without consider-
ation of their specific geologic settings are not suitable for detailed
environmental evaluation. The definition of GB values for PTE in the
IRW makes possible a clearer distinction of the real anomalous values for
those elements and associate with their spatial distribution in the study
area, it can be used as a guide for effective environmental protection.

The majority of GB studies are conducted for soils and surface water
media, however, in the case of stream sediments, there is a drastic lack of
GB definition in multiple working scales (e.g., continental, regional and
local). A Brazilian regulation concerning sediment quality for the pro-
tection of the aquatic life is still nonexistent, especially when dealing
with PTE (as described here) or organic contaminant. Hence, so far there
are no SQGs officially approved by Brazilian environmental agencies,
despite the asks for definition of SQGs in the national territory (Almeida
and Rocha, 2006; Rodrigues et al., 2013; Soares and Mozeto, 2006).

The only legal resolution in the Brazilian territory that is applied to
this topic is that of resolution number 454 (CONAMA, 2012), which
establishes general recommendations and reference procedures for the
management and disposal of material to be dredged in waters nation-
wide. That resolution is entirely based in the Canadian legislation
(CCME, 2001) and defines two levels (L1 and L2) for the material to be
dredged. The L1 in CONAMA, 2012 corresponds to the threshold effect
level (TEL in CCME, 2001), which means a threshold value below which
low probability of adverse effects to the biota are expected; and L2
(CONAMA, 2012) correlates to probable effect level (PEL in CCME,
2001), which refers to a threshold value above which a probable adverse
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effect to the biota is expected.

According to CCME (2001), SQGs should be developed from detailed
dose-response data from sensitive species of aquatic organisms at a given
specific area. Furthermore, the results of these studies should then be
validated in field trials to ensure that any SQGs derived from these data
are applicable in a broad range of locations and not only in the area
where the study was carried out (CCME, 2001; Deckere et al., 2011;
Persaud et al., 1993). As the only available Brazilian regulation for SQGs
is exclusively based on values determined in Canada (CCME, 2001), it
does not consider the accentuated contrasts between different regions
and it is not able to define consistent threshold values for the entire
Brazilian territory.

The elements presented in Table 3 are commonly considered as
potentially toxic elements in different environmental legislations around
the world. However, in some cases, other elements are also included. In
Australia, DEC (2010) contemplates all eight elements presented in
Table 3, as well as Sb (2.0 and 25.0 mg kg~ dry weight for ISQG-low
and ISQG-high, respectively) and Ag (1.0 and 3.7 mg kg™! dry weight
for ISQG-low and ISQG-high, respectively). In Ontario, guidelines for the
protection and management of aquatic sediment quality (Persaud et al.,
1993) contemplate additionally Fe (2.0 and 4.0 wt% dry weight for
Lowest Effect Level and Severe Effect Level, respectively) and Mn (460
and 1100 mg kg~ ! dry weight for Lowest Effect Level and Severe Effect,
respectively).

In the case of Brazil, for the inclusion of chemical substances not
listed in CONAMA, 2012, the environmental licensing body must first
establish the guiding values to be adopted in the Brazilian territory ac-
cording to its specificities. In spite of the proposition of CONAMA,
(2012) that background values of a given region will prevail over the
national values, whenever they are higher, it is clear that the chosen
investigation levels do not reflect the real scenario of the IRW region,
neither that of the Brazilian territory.

Assuming MAD calculated values as representative of GB in the IRW,
the threshold values for Cr, Cu, and Ni are much higher than those of L1,
whereas those of As and Pb are similar to L1, and Cd, Hg, and Zn are
significantly lower than the proposed levels (CONAMA, 2012, Table 3).
However, as discussed before, there is clear evidence that Cr and Ni
enrichment in the IRW is controlled by dominant lithologies (Fig. 6¢ and
d) and that of Cu by the mineralized copper belts strongly enriched in
that element. The southern copper belt is situated in the border between
the Carajas basin and the RM-S-CC domains (Fig. 6e) and in that area
were registered very high concentrations of Cu (244.36 mg kg™'; Sal-
omao et al., 2019b) in comparison to other areas of the IRW. On the
other hand, the UBL value obtained for As in the whole watershed (7.57
mg kg™!; Table 3) differs significantly from the extremely low concen-
trations of As (<1.0 mg kg_l) observed in the RM-S-CC domains in the
southern IRW (Salomao et al., 2019b), as well as in the Araguaia belt,
located in the eastern area of the IRW, which is marked by compara-
tively higher As contents (Fig. 6g). This is a strong evidence that the
geochemistry of stream sediments and the spatial distribution of
chemical elements in the IRW cannot be understood without using the
geologic setting and lithological influence as a reference. The behavior
of Cu and As illustrates extremely well the strong dependence of vari-
ations in concentration and geological domains. Even in the sole context
of the IRW, it is clear that it is not consistent to work with uniform values
of SQGs. This is even more accurate if we consider all Brazilian territory
and the fact that the adopted SQGs derived from the Canada legislation,
a country with an entirely distinct environmental and climatic condi-
tion, when compared with Brazil.

The IRW (Carajds province) and the Quadrildtero Ferrifero region
(QFe; State of Minas Gerais, Brazil) are two examples of strongly
mineralized areas, with similar geological setting. The QFe is well
known for its high As concentrations (Borba et al., 2004; Costa et al.,
2018, 2015; Larizzatti et al., 2018), which can be seen by comparing the
values obtained by the 75th percentile-based approach (Table 3) in the
IRW (1.50 mg kg™1) and in the QFe (5.09 mg kg™ '; Costa et al., 2015).
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Moreover, in the QFe, Ni (38.6 mg kg’l) and Zn (68.20 mg kg’l)
(Rodrigues et al., 2013) also show greater values in comparison to those
of the IRW (Ni = 10.40 mg kg™!; Zn = 27.00 mg kg™1). This illustrates
the strong variations of reference values observed in relatively similar
provinces.

Lastly, highly industrialized areas from southern China (Cheng et al.,
2014), the Dexing area - also in China (Teng et al., 2009), as well as the
Xigaze district - in southern Tibet (Zheng et al., 2014) presented
extremely higher values for almost all potentially toxic elements in
comparison to the IRW (Table 3). This is an additional evidence that the
anomalous values observed for some elements in the IRW are not due to
anthropogenic effects.

6. Concluding remarks

e The stream sediment geochemical data indicate that there are no
evident contamination issues by PTE directly linked to anthropo-
genic activities at the broad scale of the IRW. High concentration
values of Fe and some PTE are essentially linked to local natural
sources.

The geochemical signature in stream sediments is strongly influ-
enced by the geological setting and local lithologies. The geochem-
ical maps of the IRW can provide insights for mineral exploration
studies. Higher concentrations of Fe are mainly observed in the
Carajas Basin, associated to BIFs and metavolcanic rocks. Copper
anomalous values are clearly related to two large Cu hydrothermal
mineralized belts located in the Carajas Basin. Nickel, Cr, and Co
occur in all four main geologic domains of the IRW, and they are
mostly associated with mafic-ultramafic layered intrusions. The most
prominent Mn anomalies are situated in the Bacaja Domain, related
to the Buritirama Formation. Higher concentrations of As are
observed in the Araguaia Belt, related to low-grade metasedimentary
rocks.

The diversified statistical methods used to derive GB concentrations
provided a wide range of values. In general, threshold values ob-
tained for the stream sediment dataset of IRW follow either the or-
dered sequences TIF > MAD>98th or TIF>98th > MAD. It is
concluded that the MAD method gives the most appropriate results
for deriving GB values.

The difference in concentration for several elements amongst the
four geological domains is remarkable and points to the need of
determining different GB values in specific domains, as exemplified
by Cu and As.

Microcatchment-based representation of uni-element concentrations
in stream sediment based on threshold values is extremely useful to
identify anomalous values (higher than TIF, MAD, and 98th) for
environmental concern. This approach reinforced the dominant in-
fluence of geotectonic domains and local lithologies better than
anthropogenic effects in the IRW. The threshold values for Cr, Cu,
and Ni are much higher than those of reference level 1 (L1 -
Threshold effect level), as defined by CONAMA in Brazil, those of As
and Pb are similar to L1, whereas Cd, Hg, and Zn are significantly
lower than L1. It is concluded that it is not suitable to work with
uniform values of sediment quality guidelines.

The knowledge of the natural or geogenic distribution of the ele-
ments will definitely assist in defining environmental background
values and clean-up levels for ecotoxicological studies.

Results presented here reflect the actual stream sediment geochem-
ical signature of the IRW, situated in one of the most important
mining provinces of South America. Besides its scientific interest, our
findings can be useful for Brazil’s environmental policy making, e.g.,
the definition of geochemical guidelines.
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