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Abstract

A high resolution (high density) survey is required to estimate site-specific baseline metal levels
in water on a local scale, and is an essential part of environmental risk assessment. This
methodology was used in a project in the Itacaitnas River Basin, southeastern Amazon, which
includes several mines of the Carajas Mineral Province (as part of the Itacaiinas Geochemical
Mapping and Background Project, ItacGMBP). A total of 1429 samples (including 55
duplicates) were collected in 2017 at 900 sites at one sample per microbasin, during both dry
and rainy periods. The analyses of 34 elements were carried out using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). In general, the waters are slightly alkaline and are
classified as mixed Ca-Na-HCO;, indicating that they are mainly influenced by silicate rock
weathering. Most metal concentrations in the water are low, except Fe and Mn. Seasonality
explains differences in metal concentrations, with higher values being obtained in the rainy
season. Baseline threshold values (Brys) were calculated separately for both seasons by
employing different statistical methods: iterative 2o preferentially delivered the ‘natural’ Brys
(NBtvs) which is considered as the least degraded with low or no significant level of
anthropogenic influence; and 98" percentile provides the ‘ambient’ Brvs (ABmvs), which
consists of natural plus diffuse anthropogenic input in the defined area. The ABys of Fe and Mn
significantly exceed the WHO and CONAMA 357/05 limits. Spatial distribution indicates that
Fe and Mn are not strictly related to geologic setting, rather they are highly influenced by
specific local land use as well as deep weathering of the catchment and intense leaching and
run-off during the rainy season. However, higher Mn occurrence in the dry period results from
redox cycling of Fe and Mn via biogeochemical processes. The ABn, of Ni, Cr, and V are
controlled by bedrock lithology (geologic setting), mainly associated with mafic-ultramafic
rocks; Cu is associated with two large hydrothermally mineralized copper belts. The estimation
of baseline levels of As, Se, and Pb were highly limited due to of the large number of samples
with results less than detection limits, in this case the 95" percentile was used for their Brys.
Geochemical data as well as anomalous values for most of the metals indicate that
anthropogenic influence from point sources is highly negligible in the basin, except at a few
points, where high NO3 has been observed, probably due to more intense human and livestock
activity. This study demonstrates that site-specific geochemical baseline assessment is a crucial

factor when evaluating surficial water conditions in a large basin.
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1. Introduction

Growing global concern about the protection of water quality has led to increasing attention
to monitoring and risk assessment of potentially toxic metals in water bodies, however, high-
resolution (or high density) hydrogeochemical studies to assess water quality are rare. High
resolution surveying was introduced in the late 1960s for mineral exploration and geological
mapping. This technique has evolved into an important geochemical survey for addressing a
wide range of potential environmental applications, including risk assessment of toxic metals in
water and soil bodies (Caritat and Cooper, 2016; Johnson et al., 2005; Labuschagne et al., 1993;
Plant et al., 1997). Some regional and national hydrogeochemical high resolution surveys have
been conducted on surface water bodies including a Geochemical Baseline Survey (GBASE) of
North Wales stream water (Simpson et al., 1993; Simpson et al., 1996), the Forum of European
Geological Survey (FOREGS) (Plant et al., 1997), the Southern River catchment survey in
Australia by the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
(Donnet al., 2010), and regional hydrogeochemical mappings in Central Chile (Jorquera et al.,
2015) and Oppdal/Berkak, Norway (Reimann et al., 2018). One of the main advantages of using
high-density surveys is the potential for determining high quality geochemical background or
baseline values. This methodology provides more detailed information about the spatial
variability of chemical elements in relation to the distribution of different geological units,
topography, geomorphology, which allows identification of anomalous values related to
mineralization, and discrimination between geogenic and anthropogenic sources (Ander et al.,
2013; Caritat and Cooper, 2016; Johnson et al., 2005; Lombard et al., 1999; Pinto et al., 2014).
Anthropogenic activities, such as deforestation and land use change, are considered important
drivers of change in natural hydrological regimes and the consequent impact on stream water
quality (Brion et al., 2011; Levy et al., 2018; Noébrega et al., 2018; Souza-Filho et al.,
2016).Significant impact has been observed after conversion of tropical forest to agriculture and
cropland or pasture using this technique (Souza-Filho et al., 2016; Jacobs et al., 2017).

Water quality can be highly variable due to local lithological and environmental conditions.
Identifying site-specific water quality characterization for individual watersheds is usually
warranted for undertaking environmental risk assessments (Arpine and Gayane, 2016).
Geochemical background, which is defined as the natural concentration range of an element in a
given area, is one of the prerequisites to determine site-specific objectives for any watershed or
ecosystem (Arpine and Gayane, 2016; Galuszka, 2007) and to distinguish between natural and
anthropogenic origin and impact for specific elements (Gatuszka, 2007; Reimann and Garrett,
2005). This is particularly relevant when discussing the occurrence and distribution of

potentially toxic heavy metals, especially when developing policy or guidelines for pollutants in



water (Gatuszka and Migaszewski, 2011; Marandi and Karro, 2008; Salminen and Tarvainen,
1997). Water quality, of which metals are important, impacts health, which translates into better
education through learning ability in youth, or higher quality of life, based on less sick time, and
lost wages; this is critical in developing countries. Determining natural background
concentrations in water is not straightforward because of the ubiquitous anthropogenic and
natural influences on water chemistry. Although a ‘geochemical baseline’ is sometimes used as
equivalent to ‘background’, it basically measures ‘ambient background’ or elemental
concentration at the time of sampling at a particular time (Reimann and Garrett, 2005).
Furthermore, baseline level should correspond to a range, not to a single value, as it has the
disadvantage of not taking into account natural variability on the scale of the area under
investigation (Reimann and Garrett, 2005). Several standard methods have been established and
widely applied for the determination of baseline values in water and soils (Marandi and Karro,
2008; Reimann et al., 2018; Ander et al. 2013; Rodrigues et al., 2013; Naki¢ et al. 2007, 2010,
Gatuszka, 2007; Reimann and Garrett, 2005; Matschullat et al., 2000; Salomao et al., 2018).

Although regional and national geochemical baseline surveys have been conducted on soils
and sediments, the information for local baseline concentrations in surface waters are not
available for many countries; this is generally true for Brazil, in particular for the Amazon
region. The Itacailinas River Basin (IRB), located in the Carajas Mineral Province, is an
important river basin in the Brazilian Amazon and contains world-class Fe and Cu mines, as
well as Mn, and Ni ones. The rapid increase in the economic activities include: urbanization,
and construction of roads and railways; large government projects for rural settlement; and the
expansion of cattle farming. This activity has resulted in intense clearing of tropical forest,
which has been replaced with pastureland and buildings/roads, which affect the hydrology of
the watershed (Souza-Filho et al., 2016). These changes raise a serious environmental concern
about IRB’s water quality, on which there is little information. A previous geochemical study of
surface water samples in the Parauapebas area of the IRB (Ruivo and Sales, 1989) has historical
interest, but it does not reflect the present anthropogenic pressures in the basin, and it is limited
by the method of sampling and the analytical methods adopted. This work provides a
comprehensive look at the hydrogeochemical characterization of the IRB.

Starting in 2016 and continuing today, the Instituto Tecnoldgico Vale (ITV) is conducting a
systematic high resolution geochemical background survey of surficial water, soil and
sediments in the Itacaitinas River Basin under the 1taGMBP using a computer-based framework
developed specifically to support this activity. In this project, it was reported the geochemical
characterization of surficial water of the sub-basins of the Vermelho and Soror¢ rivers (Saloméo
et al., 2018), that provides information about the eastern domain of the IRB. The present study
covers the entire basin (approximately 41,500 km?) from which 1429 samples (including 55

duplicates) from =900 sites at a density of 1 sample per micro-basin were collected during both



dry and rainy periods. The high-density survey concentrated on the occurrence and distribution
of selected metals with the goal of delineating natural and anthropogenic sourcing and to better
understand how this type of data can inform a better understanding of surface water risk
assessment as compared to typical national and international guidelines.

2. Study Area
2.1. Study area

The IRB (05°10" to 07°15°S latitude, 48°37°to 51°25" longitude) is located in the Brazilian
Amazonia, Carajas region, Para State, Northern Brazil (Fig. 1, modified from Souza-Filho et al.,
2016). The population of the IRB is approx. 700,000 persons in an area of approx. 41,500 kmz;
the basin is economically important and is intensely mined (Fig. 1). The main tributaries of
Itacaitinas River are the Cateté, Aquiri, Cinzento, Salobo, Tapirapé, and Preto rivers (western
side) and Parauapebas, Vermelho, and Soror¢ rivers (eastern side). The altitude of this region
varies from 350 to 900 m in the Serra dos Carajas to 80 to 300 m in adjacent areas. Originally,
tropical rainforest was the predominating land cover in the IRB with subordinate mountain
savanna, but, at present the tropical rainforest is mostly limited to environmental protected areas
and indigenous lands, which cover 11,700 km?, or approximately a quarter of the total area (Fig.
1); pasture lands are largely dominant while residual, pristine montane savanna over ferruginous

canga and urban areas are less common (see Fig. 1).

The climate of IRB is tropical monsoon (Alvares et al., 2013), with annual precipitation of
1899 mm (climatological normal 1981-2010), which mainly occurs during the rainy season
from November to May; the dry season extends from June to October (Moraes et al., 2005). The
annual evapotranspiration is 1085 mm/year (Silva Junior et al., 2017) and the average
streamflow of the Itacailinas river at its confluence with the Tocantins river is about 902 m3/s
(1998-2007 period; Pontes et al., 2019). The intense deforestation process suffered by IRB after
1973 caused an increase of temperature (+1.7°C) and the reduction of air relative humidity (-
10%) in the basin (Souza-Filho et al., 2016). Besides, Cavalcante et al. (2019) showed an
increase of streamflow from 401 mm/year (1973-1984) to 514 mm/year (2005-2016), and
emphasized that without an opposite effect of climate variability, the increase of average

streamflow in the IRB would be higher.

2.2. Geological setting

The geology of the IRB is very diverse and covers parts of the Carajas Province, the Bacaja
Domain of the Transamazonian Province, and the Araguaia Belt (Fig. 2, Vasquez et al., 2008,
modified). The Carajas Province was formed in the Archean and includes the Carajs Basin in

the center and the Canad Carajas, Sapucaia, and Rio Maria domains in the south of the IRB



(Fig. 2, cf. Dall’Agnol et al., 2017). The Bacaja Domain occupies the northern portion of the
IRB and consists of Neoarchean and Paleoproterozoic units. Finally, the Araguaia Belt is
situated in the eastern portion of the basin and is comparatively younger, having formed at the
end of the Neoproterozoic and beginning of the Phanerozoic. For the purpose of geochemical
mapping, the basin can be subdivided into four large units described in the following (Fig. 2b,

C):

Canad dos Carajas, Sapucaia, and Rio Maria domains: this segment of the basin has
Mesoarchean age (Feio et al., 2013; Moreto et al., 2015) and is formed mainly by granitoid
rocks  (tonalite-trondhjemite  series, calc-alkaline  granites, Mg-rich  granitoids,
leucogranodiorites to leucogranites), associated with orthogranulitic units, and metamafic
sequences (greenstone belts). In the Neoarchean, several A-type granites, charnockitic bodies
and mafic-ultramafic stratified complexes were formed and they cross-cut the Mesoarchean
units (Vasquez et al., 2008; Barros et al., 2009; Feio et al., 2013; Dall’Agnol et al., 2017,
Mansur and Ferreira Filho, 2017). This segment of the basin contains the On¢a-Puma (Ni) and

Sossego (Cu) mines.

Carajés Basin: the Carajas Basin was formed in the Neoarchean (Gibbs et al., 1986;
Machado et al., 1991; Martins et al., 2017)and it is dominated by mafic to intermediate
metavolcanic sequences and banded-iron formations, which are the primary source of the large
Fe deposits of Carajas. These units are cut by Neoarchean granites (Barros et al., 2009; Sardinha
et al., 2006). The N4-N5, S11D and Serra Leste iron mines, the Azul manganese mine and the
Salobo copper mine are located in this segment. Paleoproterozoic, anorogenic, A-type granites
are widespread in the Carajas Province (Dall’Agnol et al., 2005; Teixeira et al., 2017) and are

intrusive in the Archaean units (Fig. 2¢).

Bacajd Domain: the most widely distributed unit in the IRB that covers the Bacaja Domain
(Fig. 2b, c) is formed by reworked high-grade charnockite rocks with subordinate mafic
ortogranulite and metasedimentary granulites (Vasquez et al., 2008). Some supracrustal units,
including the metamafic Tapirapé rocks, and the metassedimentary Buritirama lithotypes, are
also found in this domain. This portion of the basin contains the Buritirama manganese mine.
Araguaia Belt: The main units of this tectonic domain within the IRB are composed of
anchimetamorphic to low-grade metamorphic rocks (Fig. 2c). Besides these, mafic-ultramafic

complexes with associated deep-sea sediments also occur (Vasquez et al., 2008).
3. Materials and Methods

3.1. Strategies and computer-based framework for high density sampling

A total of 1429 (including 55 duplicates) samples were collected in the rainy (February to

June, 720 samples) and dry season (July to November, 638 samples), of 2017, with a sampling



density of one stream water sample per microbasin of the IRB. The microbasins were identified
using remote sensing techniques. The field and laboratory work received support for sample
collection, data storage, screening, and validation from a computer-based framework which was
developed in the 1tacGMBP of ITV. The framework is composed of three main components: (i)
an iPad application for sample collection developed in Swift; (ii) a server back-end written in
Java which receives data from the iPads in the field, and acts as a central repository for sample
data sharing and synchronization between different field teams; and (iii) data validation and
reporting scripts developed in R (R Core Team, 2018). Data screening and validation is active
within all three components. The iPad application ensures samples are collected from the correct
locations, validates sample data input, and prevents field teams from collecting multiple
samples in the same micro-basin (except for duplicates). The server back-end performs
additional validations to ensure uniqueness of samples. Finally, R scripts generate reports and
statistical plots, match data from the laboratory with their corresponding samples in the database
and detect anomalous results due to laboratory error. In short, the computer-based framework
provides fast data processing and early error detection which enable the high-density survey

presented in this work.

Sample collection avoided roads, and any disturbed areas, in the third order stream, in the
middle of the water flow, in a location upstream from the collection point of the stream
sediments, to be representative of the microbasin. Representative water sample were taken from
second order stream in areas of poor accessibility. A limited number of microbasins could not
be sampled, these included the microbasins located on the Xikrin-Cateté indigenous Land and
those of two indigenous lands in the Sorord Sub-basin (Fig. 1). During the dry season, this
number increased significantly because of the intermittent character of part of the local
drainage, particularly in parts of the Soror6, Vermelho, and Parauapebas sub-basins. Duplicate
samples were collected immediately after the first samples; one duplicate was collected for each

20 samples.

The sampling and preservation of water samples and analytical methods used for the
determination of the variables obeyed the procedure and methodologies recommended in the
Standard Methods for the Examination of Water and Wastewater (SMWW, methods 1060 and
POP LB 010; APHA 2012). The physico-chemical parameters such as pH, EC, dissolved
oxygen (DO), temperature, and redox potential (Eh) were measured in situ at each point with a
multi-parameter probe (HI 98194 from Hanna Instruments®) and two separated samples were
then collected. A first sample was stored in a 30 ml high density polyethylene bottle (anions
determination / non-purgeable organic carbon - NPOC), and a second one in a 60 ml high

density polyethylene bottle (metal element analysis). All samples were refrigerated after



collection until dispatched for analysis. The unfiltered water samples used to determine metals

were acidified with 1M ultra-pure nitric acid (pH < 2) at the time of collection.
3.2. Chemical analysis and Quality control

Water samples were submitted to the certified laboratory of Bioagri Ambiental Ltda, Brazil,
for chemical analysis. The total content of twenty-three elements (Ag, Al, As, Ba, Be, Ca, Cd,
Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, N, Na, Ni, Pb, Se, V, and Zn) were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS). Anions (F, CI', NOg, and SO,*). For
total phospohrous (TP), samples were digested using sulfuric acid at pH <2 and then
analyzed colorimetrically. A summary of the analytical results and detection limits (DL) of
these elements is shown in Table 1. The reliability of the data was evaluated by determining the
Relative Percentage Differences (RPD) from field duplicate samples (N=55) and more detailed
information is provided in the Supplementary material (Fig. 1SM). The overall RPD of the
dataset is £15% for the physico-chemical parameters and most of the metals, which implies that
the overall behavior of chemical parameters displays an acceptable variation and demonstrates a
high level of analytic precision. There was poor reproducibility (> +30%) in the case of TP,
NO;, and B; this is probably due to their very low concentrations. Elements with > 70% of

samples with contents below the DL were not used for multivariate statistical analysis.

3.3. Hydrogeochemical maps

The World Geodetic System 1984 (WGS84) was used to construct spatial geochemical
maps prior to applying the baseline survey methods used in this study. The catchments basins
were delimitated via algorithm-based, QGIS software (Quantum GIS Development Team 2009),
using a digital elevation model (DEM) from Shuttle Radar Topography Mission (SRTM)
conducted by the United States Geological Survey (USGS) (freely available online at
https://earthexplorer.usgs.gov/). The contouring and coloring on the maps to show the
distribution of elements were defined considering the analytical results for above detection
limits data for each element. The resulting intervals on both rainy and dry seasons are

comparable; the maps were visualized using ArcGIS 9.3 software.

3.4. Data processing and statistical methods

Descriptive statistics for each parameter were computed on both un-transformed and log10-
transformed data after verifying anomalous results due to laboratory error or contamination.
Samples below the limit of detection (LD) were assigned a value 1/2 LD before the analysis.
Exploratory data analysis (EDA; histograms, density trace, boxplots, and QQ plots) was
employed to determine the overall data distribution, multi-modality, and to define outliers in the

dataset (Reimann et al., 2005). Correlation analysis using the Spearman rank method in log-



transformed data after excluding the parameters that contained significant numbers of results

below DL was used to identify relationships between environmental variables.

Elemental concentrations were used to calculate baseline survey levels; several methods
can be used to calculate this as long as the method considers the statistical properties of the
geochemical background (Reimann et al., 2005). Typical parametric statistical calculations, that
require a normal distribution of the data (Reimann and Filzmoser, 2000), were not used due to
the multimodal nature of the data and the occurrence of outliers (Reimann and Filzmoser, 2000).
Therefore, estimation of baseline levels was carried out using robust statistical techniques such
as "Mwuap, the median £ 2 Median Absolute Deviation (MAD), Tukey’s inner fence ‘TIF’,
using the upper whisker of a Tukey's box plot as calculated by the 3rd quartile + 1.5I1QR
(interquartile range) and percentile-based approach with 75", 90", 95" and 98" percentile of a
given log-transformed dataset (Ander et al., 2013; Reimann et al., 2018; Reimann and de
Caritat, 2017). Cumulative frequency distribution (CFD) curves were also plotted on log-
transformed data to determine the upper turning points that separate two datasets (Matschullat et
al., 2000). Furthermore, iterative 2c-technique (I-26) and Distribution Function (DF) were used
based on the assumption that all values beyond the mean + 26 and median, respectively are
omitted from the dataset and the new mean + 26 range is calculated using the reduced data
(Matschullat et al., 2000; Urresti-Estala et al., 2013). All the baseline calculations were
undertaken using R (R Core Team, 2018), SPSS, and the VB Background® freeware (Naki¢ et
al., 2007).

4. Results
4.1. Surface water characteristics and seasonal variation

Data for 36 parameters including minimum, mean, 50th percentile (median), maximum,
standard deviation (SD), and coefficient of variation (CV), along with detection limit (DL) and
proportion of samples <DL, in both dry and rainy periods are presented in Table 1; the quartile
distribution of selected parameters are shown in Fig. 3a. A complete table for all elemental data
can be found in the Supplementary Material (Table 1SM). Median values are statistically a more
robust measure of central tendency than means and can be used for comparison purposes along
with their quartile distribution (Reimann et al., 2005). According to the combined results in
Table 1 and Fig. 3a, the concentrations of several parameters, such as turbidity, TP, Fe, Al, Mn,
Cr, V, and Ni are significantly different in the dry and rainy periods. The coefficient of variation
(CV%) reflects the degree of variability with respect to the metal concentrations (CV < 20%,
low; 21% < CV < 50%, moderate; 51% < CV < 100% high; CV > 100%, is exceptionally high
variability) (Tume et al., 2018). Except for pH and temperature, the degree of variability for

most of the parameters is high to exceptionally high, which indicates that multiple factors or



processes are contributing to the variability. The temperature does not vary considerably
between the rainy and dry period with median values of 25.8 °C and 25.48 °C, respectively. The
water in the basin is neutral to slightly alkaline, with median pH of 6.96 and 7.17, respectively,
in the rainy and dry period. Although the maximum EC occurs in the dry period, the mean and
median values were higher during the rainy period (90 puS/cm™, and 71 pS/cm™, respectively).
Similarly, TDS is higher in the rainy period (median of 71 mg/L) than in the dry period (median
of 66.5 mg/L). The higher EC and TDS in the rainy period may be due to more intense
catchment erosion and run-off that leads to an increase in dissolved ions. Turbidity shows
exceptionally high variability in the basin and significantly higher values in the rainy period
(0.05 — 930 NUT, median of 21.2) than in the dry period (0.05 — 557 NTU, median of 13.9).

The concentrations of all major cations in the waters of the IRB show significant variability
but were significantly lower when compared to the values reported for global river water quality
(Meybeck and Helmer, 1989). The highest maximum median concentration of Na occurs in the
rainy period, followed by Ca>Mg>K, while in the dry period the order is K>Ca>Mg> Na.
Median values for Ca and Na are also higher in the rainy season than in the dry season, the
converse is true for K and Mg. The anion chemistry shows that HCO; is dominant in waters,
followed by CI, F, NOz and SO,. On average, HCOj3 accounts for 80% of the total anions in the
surface water and most of the water samples are characterized as Ca-HCO; and mixed Ca-Na-
HCO; types (Fig. 4a). Fig. 4b shows the relationship between TDS and weight ratio of
Na/(Na+Ca) and the main processes controlling water composition: data plotting in the middle
part of the diagram are indicative of rock weathering as the dominant factor controlling major
ion chemistry, except for a few samples which could be influenced by increased precipitation.

Pristine waters contain virtually every element of the periodic table. Anthropogenic forcing
leads to perturbations in natural elemental assemblages, usually resulting in higher
concentrations, with concomitant impact on aquatic environments. In this study, 30 metals were
analyzed, out of them 7 elements (W, Cd, Mo, Ag, Ce, La, and TI) were totally not detected, so
these elements were not discussed in this study. Of the detected elements, only Mn was higher
in the dry period, while Fe, Al, Cr, V, Zn and other elements, were higher in the rainy period
(Table 1). Compared with CONAMA 357/05 resolution for class 2 waters, except Mn, most

elements occur within the recommended guidelines.

4.2. Statistical analysis

An assessment of data distribution was made prior to further statistical analysis. Except DO,
pH, and temperature, the mean values of untransformed data of most of the parameters are
higher than the median value, indicating far from normal distribution (Table 1). To stabilize the

variances, logarithmic (log10) transformation of these data was performed (cf. Table 1 and Fig.



2SM). As shown in Fig. 2SM, the distribution of original (raw) data is asymmetric and right-
skewed, with longer tails at higher concentrations due to the presence of a relatively small
number of high values. Transformation substantially improves distribution, resulting in an
almost symmetric distribution, but not all distributions conformed to normality even after log
transformation, which supports the fact that a normal distribution is not typical of geochemical
data as the natural occurrences of elements are significantly affected by multiple sources
(Reimann and Filzmoser, 2000). Therefore, statistical methods that are least influenced by data
distribution (i.e. non-parametric methods) were used. Furthermore, logarithmic transformation
is more robust against the effect of data outliers, which is common in geochemical datasets,
giving more weight to the use on log-transformed data.

Spearman rank correlation coefficients are given in Fig. 3b; except for correlations marked as
‘x’_the remaining values are significant at p-values <0.0001. This shows that the major ions Ca,
Mg, Na, HCOs;, along with EC and TDS in both rainy and dry periods were highly correlated
with each other (p<0.0001), indicating they are involved in similar rock weathering reactions.
Turbidity shows high positive correlation with Fe, Al, and TP in the dry period and with Al in
the rainy period. Fe and Mn are significantly correlated with each other in both periods. Cr is
positively correlated with Ni in both periods. Cu shows positive correlation with SO, in both
periods. V shows positive correlation with Crand Ti in both periods, and additionally with Al in

the rainy period.

4.3. Spatial distribution — geochemical maps

Fig. 5 shows the spatial distribution for Fe, Mn, Al, Ni, Cu, and Ba in the rainy and dry
periods. Higher concentrations occurred mostly in the rainy period. Fe and Al show similar
patterns, and are mainly concentrated in the Sorord, Vermelho (Araguaia belt area), and upper
Parauapebas sub-basins, and in the northwestern portion of the Itacaiinas basin, in the Bacaja
domain. The behavior of Mn during the rainy season is similar to those of Fe and Al, but in the
dry season it is relatively more abundant and differs from the other elements. Although Cu and
Ni concentrations are very low, the maps show contrasts in regional distribution. Cu is enriched
towards the center of the basin along two approximately east-west zones that follow the north
and south copper belts (Moreto et al., 2015) while Ni and is enriched near the occurrences of
mafic-ultramafic complexes (Onga-Puma, Vermelho and Luanga). Ba has a broadly similar
behavior during both periods but its distribution is clearly different than the other metals. Ba is
mainly concentrated in the northern and southern portions of the basin and display lower
occurrence in the Carajas basin, and lowest in the Araguaia belt (Fig. 5). The distribution maps

of SO, and NOj; are provided in the supplementary material (Fig. 3SM).

4.4, Baseline threshold values



Table 2 shows the Brys of 17 elements in both dry and rainy periods calculated by using
different methods such as median + 2MAD, TIF, iterative-2c, distribution function, percentiles
(75", 95" 98™ and CF diagram, along with CONAMA class 2 water quality limit when
available. The estimation of baseline values is strongly dependent on the number of results that
are <DL. Estimation of baseline levels for As, Se, and Pb were strongly limited for most of the
methods due to very high percentages (84 to 99%) of results <DL. In general, for elements
having values where the results of more than 50% of the samples are <DL statistical methods
such as iterative-2c, distribution function and median + 2MAD are strongly limited. This is the
case for Cu, Ni, Cr, V, Co, and Sn during the rainy season. In the case of the TIF method, its
application is limited only when more than 77% of the results are <DL so that it was useful for
this work.

The Brys were highly variable between the dry and rainy periods and also varied
significantly between methods (Table 2). The estimated ‘natural’ Brys (NBrys) and ‘ambient’
Brvs (ABrys) are marked in bold and ltalic, respectively in Table 2 (see “Discussion” for the use

of methods for this estimation) and shown in Fig. 6 for selective elements.

5. Discussion
5.1. Chemistry and quality of surface waters

The Itacailinas river surface waters are predominately characterized by near-neutral to
slightly alkaline pH with very high concentrations of Fe and Mn. The correlation between pH
and Fe plus Mn is poor, suggesting that low pH is not required to explain Fe and Mn loading in
these waters. The levels of bicarbonate in water directly influence the pH. The poor relation
between pH and SO,* indicates that some low pH values may not have originated through
sulfide oxidation. As was pointed out by Medeiros et al. (2017), in other parts of the Amazon
basin, this may be due to organic decomposition and leaching of fulvic and humic acids
mitigated by microbiological activities in soils and riparian zones, under natural condition. This
is supported by the simultaneous decrease of pH and DO during the rainy period, which
suggests that significant amounts of organic matter were being released into the rivers, creating
a high oxygen demand. The high turbidity levels during the rainy period are due to increased
surface runoff that increases the transport of suspended particles, such as silts, planktons, clays,
organic matter and other microscopic or decomposed organisms. Moreover, the positive
correlation between Al and turbidity indicates that high Al could be associated with suspended
particles such as colloidal Al derived from kaolin and Al-rich soils of the region. TDS and EC
are higher during the rainy period in the southeastern part of the basin and are probably related

to more intense leaching from multiple sources, and are mainly controlled by the erosion of the



weathered surficial materials, which is strongly accelerated in deforested areas (Levy et al.,
2018; Nobrega. et al., 2018).

A Gibbs Plot (Fig. 4b) of TDS vs Na/(Na+Ca), describing 3 main fields (evaporation-
crystallization; rock weathering; precipitation) was used to explain the processes controlling the
hydrogeochemistry of the IRB (Chakrapani, 2005). As shown, rock/mineral weathering,
followed by precipitation to a lesser extent, were the main processes controlling surface water
chemistry. Ca-HCO; and Ca-Na-HCO; define the major water types in the basin (Fig. 4a),
showing the mixing of alkali and alkaline-earth elements and dominance of weak acidic anions
over strong acidic anions (i.e., HCO3; > CI+S0Q,). This supports the importance of carbonic acid
weathering, inducing dissolution of primary silicate minerals such as alkali-feldspars,
plagioclases, pyroxenes, etc. (Tamez-Meléndez et al., 2016). The stoichiometric relationship
between dissolved ions are used to unravel the origin of solutes. In general, the molar ratios of
Mg/Na and Ca/Na close to 1:1 are indicative of silicate weathering, while higher ratios, close to
100:100, implies carbonate weathering, as reported in literatures (e.g., Gurumurthy et al., 2012,
and references therein). In the studied waters, these values are close to 1:1 demonstrating that
silicate weathering is the major contributor to the ionic chemistry. In addition, there is a strong
positive correlation among Ca, Mg, Na, and K further substantiating a common source for major
cations, mainly feldspars and mafic minerals contained in the underlying silicate rocks. This
interpretation is consistent with the regional geological setting (Fig. 2). Carbonic acid facilitates
the breakdown of silicate minerals. The reactions involved in this process are accompanied by
the release of base cations and cause an increase in HCOj; in the water. Although, the S0~
concentration is very low, its positive correlation with Cu indicates that its distribution is
geologically controlled (Fig. 3SM), mainly by sulfide minerals, abundant in copper mineralized

zones of the basin.

CI in water can originate from various sources including atmospheric deposition as well as
from the catchment rocks. The relationship between Na and Cl is frequently used to determine
the source of Cl in natural water. When halite dissolution is predominant, it typically results in a
molar ratio of 1:1 of Na/Cl, whereas a molar ratio >1 indicates an origin from silicate
weathering (Meybeck, 1987). The molar ratio of Na/Cl in the study area is > 2, suggesting that
Cl is mostly from the weathering of silicates rather than from halite (Ghrefat et al., 2013). This
hypothesis is favored by the high Cl content of micas and amphiboles of some Archean granites
and also of the country rocks of copper ore in the Sossego mine (Dall’Agnol et al., 2017; and
references therein). In general, F- is usually derived from the weathering of fluoride bearing,
rock-forming minerals like muscovite, biotite, fluorite, fluoro-apatite etc. The observed low

concentrations of fluorine in water can be due to the low F content in the Archean rocks that are



largely dominant in the catchment of the study area (cf. Dall’Agnol et al., 2017), compared to

the F-rich Paleoproterozoic anorogenic granites (Dall’ Agnol et al., 2005).

5.2. Metal Sources in relationship to geological setting and land use change

The occurrence and spatial distribution of trace metals reflect different local geological and
anthropogenic factors active in the basin. The Itacaiinas basin shows strong geological contrasts
between the four distinct tectonic domains (Fig. 2). This contributes to significant variability in
the natural occurrence of major and trace elements. Concentrations of Fe and Mn are high when
compared to the CONAMA 357/05 and WHO limits. The Serra Leste, N4-N5, and S11D iron
mines, and several other iron deposits in the central area of the IRB, occur mainly in the Carajas
basin (Fig. 2), but spatial distribution maps show that the influence of Fe mines and of iron-rich
rocks like banded-iron formations do not seem relevant (Fig. 5). The same is true for Mn
distribution relative to the Azul and possibly the Buritirama manganese mines (Fig. 1). In fact,
Fe, as well Mn and Al, shows notably higher concentrations in the Vermelho, Sorord, and upper
Parauapebas sub-basins in the eastern and southern areas of the Itacailnas basin (Fig. 5).
Relatively high Fe in surficial waters were also observed around the N3 and N4WSul areas,
which are considered pristine areas (Teixeira, 2016). These areas are situated in the Carajas
National Forest, a protected area in the vicinity of N4 and N5 Fe deposits of northern Serra dos
Carajas (Fig. 1). However, in this case the Fe concentrations in the water are lower than in areas
external to the Carajas mosaic, that assembles protected areas with preserved pristine tropical
forest; this further substantiates that the Fe enrichment in surficial water of some areas of the
basin is not due to Fe mining activities. Furthermore, it is interesting to notice that the Fe
concentrations increase in areas highly impacted by local anthropogenic activities, mainly land
use change. Souza-Filho et al. (2016) demonstrated that the main land use change in the basin
was conversion of tropical forest to pasture. This is commonly seen in the Amazon region and
significantly affects the local hydrological conditions (Levy et al., 2018; Nébrega et al., 2018).
Hence, higher concentrations could be favored by deforestation that leads to high runoff and
erosion of exposed soils and catchment rocks including ferruginous and aluminous crusts. This
is consistent with the observation of higher occurrence of most elements in water during the
rainy period as noted by Salomdo et al. (2018) in the sub-basins of Vermelho and Soror6 rivers
of the IRB.

Similar distribution and positive correlation between Fe and Mn indicate a similar source
for both elements. However, Mn differs from Fe because it is enriched during the dry period,
unlike Fe. This could be due to a biogeochemical control which facilitates reduction of Fe*" and
Mn*" associated with organic matter, caused by the diminution of available oxygen, which is
also supported by the strong negative correlation between Mn and DO. Because

the kinetics of Mn oxidation are considerably slower than those for Fe, the precipitation of Mn



takes a longer time than precipitation of Fe, thus, Mn concentration increased over Fe (Stumm
and Morgan, 1996). Furthermore, it is generally known that when Mn is reduced it is not
removed from water in the presence of ferrous iron at concentration >1 mg/L (Younger et al.,

2002). This can explain the cause of high Mn in the dry period.

The behavior of Cu, Ni, Cr, and Ba is entirely distinct from Fe, Mn, and Al, and there is
strong evidence that it is controlled by geology. In the case of copper, anomalously high values
are related to the large copper mineralized zones (northern and southern copper belts), where
mines and deposits of copper are concentrated. Positive correlation between SO, and Cu is
attributed to the dominance of sulfide mineralization in the area. The Ni and Cr distribution, on
the other hand, seems to be controlled by the occurrences of Archean or Neoproterozoic mafic-
ultramafic stratified complexes. Finally, higher values for Ba are noted in the areas dominated
by granitoid or granulitic rocks that contain Ba-enriched feldspars and biotite. These rocks are
located in the Canad dos Carajas, Sapucaia and Rio Maria domains in the south and in the

Bacaja domain in the north.

Overall, the fact that higher concentrations of most of the metals occur in the rainy season
indicates that hydrological conditions exerted strong influence in the metal load in water by
more intense leaching of exposed soils and weathered minerals/rocks. Except locally, there is no
evidence that anthropogenic activities have further increased metal concentration over natural

processes.

5.3. Anthropogenic influences

Except for mining, industrial activity is scarce in the IRB. Siderurgical plants producing
mostly pig iron and iron alloys are concentrated near Maraba. Mining is mainly limited to
extraction, and copper ore is submitted to treatment to concentrate copper near the Salobo and
Sossego mines and there is also a metallurgic plant for producing Ni alloys near the Onga-Puma
mining district (Fig.1). Some cattle packing plants are also scattered throughout the basin.
Agriculture is poorly developed and is generally restricted to small scale familial production.
Efforts to install soya beam plantations in the northwestern area of the basin were identified but
they are recent and occupy a relatively small area. Apart from mining, the main economic
activity is by far cattle production that is largely scattered in the basin, and absent in the
environmentally protected areas (Fig. 1). NO5™ is a major anthropogenic contaminant in surface
water and can be used as an indicator of anthropogenic impact. It was not detected in 85% to
89% of the water samples (Table 1), and when present, the average was much lower than the
upper limit stated by the CONAMA Resolution (10 mg/l; BRASIL, 2005). The only occurrence
of NO; excess was noted in a very few samples near the protected area of Igarapé Gelado (Fig.

1; Fig. 3SM), around inhabited areas, and are attributed to the oxidation of nitrogenous human



and animal wastes. Additionally, the molar ratio of CI/Na” in all samples is < 1.0 indicating that
the Cl content in the water is not a result of anthropogenic activities (Wang et al., 2007).
Although, Fe and Mn mines are active in this region, high enrichment of Fe and Mn is not
directly related to mining, but rather to specific conditions inherent to the Amazonian region,
that where reinforced by land use changes, as already discussed above; this is a general
tendency in the Amazon region (SEMAS / PA 2012; Saloméo et al., 2018). Furthermore,
despite the occurrence of Ni and Cu mines and treatment plants in this region, the very low
concentrations of these metals in water, much below to the values defined for CONAMA class
Il water, along with high pH values and very low SO, concentrations, clearly indicate that there

is no significant impact of mining in the basin.

5.4. Establishment of baseline threshold values for IRB

From a geochemical point of view, the term “geochemical background” was first used by
exploration geochemists for prospection purposes (Hawkes, 1976). Currently, this is being used
as a reference to quantitatively distinguish between natural and anthropogenic elemental
contributions (Reimann and Garrett, 2005; Reimann et al., 2005). The upper limit of
background variation is known as threshold limit, above which the samples are considered at
being risk and further investigation will be needed to evaluate their environmental conditions.
However, determining natural background concentrations in water is a complex task due to the
variability of climatic, hydrology, biological, and anthropogenic factors, working in the system
(Gatuszka, 2007). Geochemical ‘baseline’ is sometimes used as equivalent to ‘background’, but
it differs from background because basically it measures elemental concentration at the time of
sampling and it is more useful as a single data point, against which future changes can be
compared (Reimann and Garrett, 2005). Nevertheless, the term “baseline/background levels” is
used in a number of different senses, e.g. “natural baseline” and “ambient baseline”, which
reflect a different understanding or definition of what is regarded as being “natural” and/or “not
natural” (Tidball and Ebens, 1976; Salminen and Gregorauskiene, 2000; Wendland et al., 2008).
In this context, the present study focuses on estimating different baseline levels and this is
estimated separately for the two distinct periods as the water quality is varied significantly
seasonally.

The occurrence and spatial distribution of elements, as well as the descriptive statistics,
demonstrate that there is significant variation in metal concentrations between the rainy and dry
periods, thus making it necessary to establish separate baseline levels for each. The estimated
baseline concentrations clearly show that higher values for most metals occur in the rainy
period. When comparing the results obtained with the different statistical methods (Table 2), it
is evident that iterative-2c technique estimates are very conservative, because it results in the

lowest values for baselines, close to 75" percentile (Table 2). These conservative/low levels



may be suitable for legislative protection of the environment. Matschullat et al. (2000)
explained that iterative-2¢ and DF techniques removed significant numbers of outliers and
produced promising and realistic results, and thus they can be more appropriate for estimation
of pristine/natural geochemical background levels. Because of the omnipresence of human
impacts in the case study area and the surface water is exposed to atmospheric conditions, it will
be very difficult to define the strictly “natural” baseline levels. Against this baseline a more
pragmatically understanding of the term “natural baseline level” needs to be used, which can
consider the human impacts on surface water to a certain degree as inevitable (Wendland et al.,
2008). Therefore, we define “natural baseline level” as the concentration of a given element
which is considered as the least degraded with low or no significant level of anthropogenic
influence. The ‘iterative 26°, which is providing a very restrictive or conservative estimates, was
assumed as ‘natural baseline threshold values, ‘NBm.’. The NBmy for different elements are
given in Table 2. For Cu, in the rainy period, this technique was not appropriate, so the
estimated baseline value by DF was used. Furthermore, neither iterative-26 or DF were able to
provide suitable baseline estimates for Ni, Cr, Co, B, V (in the dry period), and Sn (in the rainy
season), because of the significant percentage of observations <DL. In these cases, CF was the
chosen method for the estimation of their NBry.. Overall, higher NB+, values for metals in the
rainy period are due to the influence of natural conditions that were discussed above (Fig. 6).
However, NBn, have delineated a high number of sites which need attention or further
investigation, which may sometimes be counter-productive and costly, tending to hinder the
achievement of a real goal and taking attention from the few sites that may really have
problems. In addition, the use of NBy is better for identifying the influence of natural factors.
However, the geochemical baseline should also consider the sum of natural geogenic plus
anthropogenic factors, mainly from diffuse sources (Salminen and Gregorauskiene, 2000; Jarva,
2016). This can be applied in Amazonia, particularly in the IRB, where intense deforestation
occurs along with land use change and mining activity, i.e., multiple contributing factors. This
realistic approach is needed to estimate the natural plus the diffuse source on geochemical
baseline concentrations. The resulting values can be called as ambient baseline threshold
(ABrys), following the concept of Ander et al. (2013).

Several other methods can be used to define ABrys (Table 2). The Median+2MAD values
methods which closure at the 90™ and 95" percentiles result in a higher number of sites
requiring further investigation. Although the TIF is considered one of the best methods to
identify the sites that will need closer attention (Reimann and Caritat, 2017), depending on the
data distribution, it does not assume the presence of outliers. The percentile-based approach,
such as 98" percentile, is widely used and provides a fixed number of cases that are in greater

need of attention (Reimann et al., 2018). Furthermore, the 98th percentile method often



coincides with a break in the CP distribution that can correspond to the upper threshold. Thus,
the 98th percentile method appears to be most appropriate to define the ABys limit (cf. values
in Table 2, Fig. 6). The estimated NoBT threshold for most of the elements, except Mn, were
higher in the rainy period due to more intense leaching of catchment rocks, and related to the
influence of anthropogenic activities, mainly deforestation. The distinct behavior of Mn can be
explained by biogeochemical processes and by its different oxidation behavior relative to Fe.
For elements such as Pb, As, and Se, which have nearly 90% or greater sample results below
DL, the ABrys was not calculated. For these elements, it was decided that the 95™ percentile
(Pb) and 98™ percentile (Se and As, in the rainy period, and As) should be considered as their
baseline limit. Higher AB+,s for most of the metals in the rainy period may be due to more
leaching of catchment lithology including the mineralized rocks, so it can also be considered as
geogenic/mineragenic baseline. This can be more interesting for the copper belts in Itacaitnas
basin, in order to identify the influence of mineral deposits and associated ore vein on water

quality.

5.5. Implication of site-specific baseline studies for environmental studies

Comparison with national/international water quality guidelines is a typical procedure to
evaluate the quality of surface water and identify contamination. In Brazil, that evaluation is
being carried out following CONAMA Resolution No. 357/2005 (BRASIL, 2005). If the
concentrations do not exceed the legal limit, the water quality is adequate and it is potable.
However, this can be disputable, as the national guideline values are often simply adopted from
other countries or continents, without considering that water quality is highly dependent on
local hydrological conditions, geological setting and other local activities such as land use
change, urbanization and agricultural activities which may differ strongly from one region to
another (Reimann et al., 2018; Arpine and Gayane, 2016). As a result, the local baseline
concentrations of metals can be unique for regional background/national guidelines. In this
context, the application of improper guidelines, sometimes either over or underestimate the risk,
resulting in unnecessary economic and/or ecological cost. Stream waters of the IRB represent a
remarkable example of how local factors such as catchment lithology and land use change can
control the baseline water conditions, e.g., the high concentrations of Fe and Mn, which exceed
the acceptable limit when compared with CONAMA and WHO guidelines. Thus, as evidenced
in the present work, without a thorough understanding of the local environment, national or
international guideline values cannot be simply used as reference values for water quality
assessment in any region; rather a site-specific, in-depth geochemical baseline assessment must

also be taken into account for a correct evaluation of water quality.

6. Conclusions



The following conclusions arrived from the high resolution hydrogeochemical survey and

hydrogeochemical baseline study on Itacaiunas River Basin (IRB), in the Amazon region:

The water quality of IRB is varied little between seasonal climatic periods, and most of
the parameters (except Fe and Mn) were within the limit when compared with
CONAMA and WHO guidelines.

Neutral to slightly alkaline pH with very high concentrations of Fe and Mn, is the
common geochemical signature of surficial water in the Itacaitnas basin.

Ca-Na-HCO; is the dominant water type in the area and silicate weathering was the
major hydrogeochemical process controlling water chemistry.

Seasonality has a significant influence on the concentration of metals, with a tendency
to be higher in the rainy period.

High resolution survey and geochemical mapping allowed the identification of major
factors controlling the variability of metals. The spatial distribution of Fe, Al, and Mn
cannot be explained by lithological control. Their occurrence and distribution is more
likely related to intensely weathered catchment and increase of run-off due to intense
deforestation in the eastern and southern portions of the basin. High baseline values of
Mn during the dry period are explained by biological processes favoring reducing
conditions, while Cu, Cr, and Ni are more influenced by underlying lithology.

Iterative 20 followed by DF techniques are the more suitable for the estimation of the
natural baseline threshold values “NB.’, which is considered as low or no significant
level of anthropogenic influence; while 98th percentile is more realistic to define
ambient baseline threshold values ‘ABry’ which include both natural and diffuse
anthropogenic sources.

This study demonstrates that site-specific baseline values are crucially important to
address the specificities of each local and identify contamination for planning water
management.

The present study estimated the baseline values for the entire basin. More detailed and
focused studies should be done in the future for strengthening the effective use of

baseline values for environmental risk assessment.
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Fig. 1. Map of the Itacaiinas River Basin located in the Carajas region in the Brazilian
Amazonia, Para state, north of Brazil. The location of main cities and the major land use and
land cover, including mines, and mineral deposits, and the indigenous lans and protected areas
are indicated in the study area (Modified from Souza-Filho et al. 2016).
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Fig. 3. (A) Boxplots of selective parameters in stream water of the Itacailnas river basin,
obtained during rainy (-R; red color) and dry (-D; blue color) seasons. The box indicates

approximately the 25th, 50th (median =black

line) and 75th percentile; outliers (marked with

points) are defined according to: (upper whisker, lower whisker) = (upper hinge, lower hinge) +
1.5*hinge width. The traced red line indicate limits defined in CONAMA (2005); and (B)
matrix of Spearman’s correlation coefficient for physico-chemical parameters of stream waters
collected in the rainy (a) and dry (b) periods from Itacaiunas basin.
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Table 1: Statistical summary of water quality parameters in the Itacaitnas River basin during rainy (_R)
and dry (_D) seasons. n: number of samples; DL: detection limit; Min: minimum concentration; Max:
maximum; M: 50" percentile of the data set, also known as median; SD: standard deviation; CV:
coefficient of variation.

Parameter n Unit DL %<DL Min Max Mean M SD CV Mean* M* SD* CONAMA**
DO R 720 mg/l 0.1 0.12 0.05 880 522 530 134 2567 501 525 145 5
DO D 638 mg/l 0.1 0 1.00 1430 595 590 565 9496 550 589 145
pH_R 720 - 0 4.40 941 7.02 696 0.62 8.83 6.92 692 110 6-9
pH_D 638 - 0 4.88 896 711 717 054 7.59 708 724 107
Temp_R 720 °C - 0 2490 37.00 25.80 25.80 1.88 7.29 25,70 25.70 1.10
Temp_D 638 °C - 0 27.70 3250 2548 2540 251 9.85 2512 2512 1.12
EC_R 720  pS/cm 1 0 12.00 534.00 90.09 71.00 66.52 73.84 7244 70.79 191
EC_D 638 pS/cm 1 0 7.00 752.00 81.62 51.00 81.74 100.15 56.23 5129 229
TDS_R 720 mg/I 5 0.12 6.00 364.00 81.85 71.00 48.81 59.63 69.18 70.79 1.78
TDS D 638 mg/l 5 0.5 250 440.00 83.86 66.50 58.67 69.96 66.07 66.07 2.04
Turbidity R 720 NTU 0.1 0.6 0.05 930.00 3425 21.25 5361 15653 21.38 21.38 2.69 100
Turbidity D 638 NTU 0.1 0.5 0.05 557.00 23.26 1395 38.10 163.80 1349 1380 2.88
F R 720 mg/l 005 69.46 <0.05 9.00 0.08 <0.05 0.39 48750 <0.05 0.03 2.09 14
F D 638 mg/l 005 443 <0.05 1270 0.09 006 050 55556 0.05 0.06 219
CLLR 720 mg/I 0.5 037 <005 5890 554 387 560 101.08 407 389 214 250
ClL.D 638 mg/l 0.5 0.5 0.25 11200 7.99 450 1060 132.67 513 447 245
TP_R 720 mg/l  0.01 75 <0.01 053 007 006 005 7143 0.05 006 234
TP_D 638 mg/l 001 168 <0.01 141 0.05 0.03 0.08 16000 0.03 0.03 2.69
NO;_R 720 mg/l 2.2 85 <22 5750 162 <22 256 15802 132 <22 162 10
NO;_D 638 mg/l 2.2 89.3 <22 40.00 151 <22 238 15762 126 <22 155
SO, R 720 mg/I 0.5 55.5 <05 128,00 150 <05 7.10 47333 051 <05 275 250
SO, D 638 mg/l 0.5 69 <05 12100 1.11 <05 598 53874 041 <05 251
HCO;_R 720 mg/l - 2 0.10 25056 47.78 39.94 3385 7085 37.15 3981 224
HCO;_D 638 mg/I - 3 0.38 23438 44.14 3206 37.33 8457 3090 3236 251
TH_R 720 mg/l - 0 170 218.83 30.69 25.08 23.48 7651 2455 2512 2.00
TH_D 638 mg/l - 0 132 207.06 33.32 22.89 30.07 90.25 2344 2291 234
Ca_R 720 mg/l  0.001 0 015 36.20 6.32 519 452 7152 501 525 204
Ca D 638 mg/l  0.001 0 <0.005 5830 6.10 426 594 97.38 417 427 257
Na_R 720 mg/l  0.001 0 0.71 6190 759 6.01 6.06 79.84 589 6.03 204
Na_D 638 mg/l  0.001 0 0.01 8690 277 231 383 13827 204 229 229
Mg_R 720 mg/l  0.001 0 0.11 3450 3.63 273 340 93.66 269 275 219
Mg_D 638 mg/l  0.001 0 022 3750 441 300 448 10159 3.02 3.02 245
K_R 720 mg/l  0.001 0.14 0.12 3560 2.86 259 213 7448 240 257 186
K_D 638 mg/l  0.001 0 0.42 86.60 8.70 586 8.12 93.33 6.17 589 229
Fe R 720 mg/l  0.001 0 0.06 2240 329 270 244 7416 263 269 209 0.3*
Fe D 638 mg/l  0.001 0 0.04 3230 214 137 283 13224 129 138 275
AlR 720 mg/l  0.001 0 0.01 426 033 020 044 13333 019 019 282 0.2*
Al_D 638 mg/l  0.001 0 0.01 4130 024 009 1.68 70000 010 0.09 2.69
Mn_R 720 mg/l  0.001 0 <0.001 18.00 029 012 086 29.55 013 013 3.09 0.1
Mn_D 638 mg/l 0.001 0.14 <0.001 914 042 012 089 21190 013 012 437
CuR 720 pg/l 1 42.3 <1 178.00 351 129 1190 339.03 138 129 295 2*
Cu_D 638 pa/l 1 39.5 <1 112,00 206 127 536 26019 123 126 234
Ni_R 720 pa/l 1 56.3 <1 59.10 1.77 <1 372 21017 1.00 <1 2.45 0.025
Ni_D 638 pg/l 1 68.98 <1 20.70 1.32 <1 212 16061 0.81 <1 2.24
Zn_R 720 pg/l 1 17 <1 517.00 17.38 9.82 3501 20144 692 9.77 468 0.18
Zn_D 638 ug/l 1 34 <1 170.00 16.35 8.48 2327 14232 933 851 288
Cr_R 720 pg/l 1 61 <1 105.00 170 <1 581 34176 0.89 <1 2.29 0.05
Cr D 638 pg/l 1 77.9 <1 85.70 119 <1 427 35882 0.69 <1 2.00
Rb_R 720 pg/l 5 4092 250 6290 728 6.07 6.15 8448 562 6.03 204
Rb_D 638 pg/l 5 51 250 2130 544 250 363 66.73 447 251 186
Ti_R 720 pg/l 1 7 <1 9460 8.08 4.83 1048 12970 479 479 275
Ti_D 638 pa/l 1 35 <1 68.90 510 363 538 10549 389 3.63 2.00
Cd_R 720 pg/l 1 99 <1 10.00 0.52 <l 041 7885 <1 <1 117 0.001
Cd_D 638 pg/l 1 100 <1 0.50 <1 <1 <1 <1 <1 <1 1.00
As_R 720 ug/l 1 95.5 <1 437 057 <1 037 6491 0.54 <1 1.35 0.01
As D 638 pa/l 1 95.2 <1 3.72 057 <l 035 6140 0.54 <1 1.32
Ba_R 720 ug/l 1 0 4,09 41200 7287 60.65 55.17 7571 5495 60.26 2.19 0.7
Ba_D 638 ug/l 1 0.14 0.13 967.00 67.14 4450 77.27 11509 38.90 4467 3.16
B_R 720 pa/l 1 38 <1 209.00 449 250 1010 22494 200 251 355
B_D 638 ug/l 1 67.5 <1 499.00 315 <1 2048 650.16 1.02 <1 3.09
Pb_R 720 ug/l 1 84.6 <1 2350 076 <1 115 151.32 0.62 <1 1.66 0.01
Pb_D 638 pa/l 1 935 <1 707 059 <1 049 83.05 0.54 <1 1.38
Se R 720 ug/l 1 99 <1 390 0.52 <1 019 36.54 <1 <1 1.15
Se D 638 ug/l 1 85.8 <1 925 0.72 <1 075 10417 0.60 <1 1.62
V_R 720 pa/l 1 42 <1 3500 166 131 210 12651 117 132 219 0.1
V_D 638 ug/l 1 55.84 <1 3110 146 <1 212 14521 0.98 <1 2.24
Sn_R 720 ug/l 1 49.8 <1 2240 195 <1 259 13282 112 <1 2.63
Sn_D 638 pa/l 1 22 <1 2530 268 219 275 10261 186 219 234
Sr R 720 ug/l 1 0 228 507.00 64.09 44.45 65.60 10236 42.66 44.67 257
Sr D 638 ug/l 1 0.7 <1 841.00 62.46 38.35 79.65 12752 36.31 38.02 2.88
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Co_R
Co D

720
638

Hg/l
Hgll

65
64

<1
<1

33.80
29.90

1.26
1.32

<1
<1

1.97
2.12

156.35
160.61

0.83
0.85

2.14
2.19

*: parameters calculated based on log-transformed data; **: Brazilian CONAMA Resolution 357/2005 of
Class 2 limits; *: values adopted from WHO (1998) drinking water quality; TH: total hardness; -: data not

available.

Table 2. Geochemical baseline threshold values (upper limit) obtained from various statistical methods
[Median + 2 MAD, Tukey's inner fences (TIF), cumulative frequency (CF) distribution diagrams,
iterative 2o technique (12c), calculated distribution function (DF) and percentile (Q75, Q95, G98] and
Class-I and Class-11 levels for 18 elements in stream water of the Itacailinas River basin during the rainy
(_R) and dry (_D) seasons of 2017.

Parameter Unit n  %<DL Q75  CF 126 DF  MAD Q9% Q98 TIF  CONAMA~*
Fe R mgl 720 0 398 560 390 500 776 708 1182 1161 0.3%
FeD mgl 638 0 240 310 210 290 759 646 1122 13.9
ALR mgl 720 0 039 050 030 040 148 105 141 299 0.2#
ALD mg/l 638 0 017 019 010 020 049 048 100 097
MnR mgl 720 0 026 031 020 030 091 089 183 191 0.1
Mn_D mg/l 638 014 032 030 010 030 155 178 380 495
CuR g/l 720 423 275  3.80 - 280 2138 851 2863 3548 2
CuD pugl 638 395 219 251 180 260 1995 457 88  19.95
Ni R pgll 720 563 182 280 - - - 603 1046 1259 0.025
Ni D  ug/l 638 6898 123  1.99 - - - 525 810 473
ZnR  pg/ll 720 17 1995 3200 1580 23.60 12882 5012 8812 316.23 0.18
ZnD  pugll 638 34 1820 1400 11.80 1690 5129 47.86 11844 121.62
CrR  ugll 720 61 145 165 - ) - 398 883 708 0.05
CrD  ugll 638 779 - 162 - . - 269 450 -

TiR pgl 720 7 891 830 720 990 2754 2630 4481 5370
TiD ugl 638 35 562 6 420 640 1202 1349 2093  18.20
VR pg/l 720 42 195 208 220 270 1445 468 727  14.96 0.1
V.D g/l 638 5584 170 190 X - - 407 671 1059
CoR jgl 720 65 138 199 - - - 417 871 631

CoD gl 638 64 135 147 - - - 417 806 596
BaR pg/l 720 0 10000 91.00 119.00 122.00 302.00 169.82 231.58 524.81 07
BaD pg/l 638 014 89.13 100.00 6020 97.70 37154 19498 29144 841.40
Rb R  pg/l 720 4092 933 794 950 1230 63.10 1862 2432  66.83
Rb.D pg/ll 638 51 759 676 7.0 - 251 1202 1422 3981
Sn R ug/l 720 498 257 3.6 - - - 646 1097 2985
SnD g/l 638 22 346 398 370 460 832 661 1322 1396
SrR pg/ll 720 0 7586 89.00 67.30 9150 257.04 19498 27458 42658
SrD  ugll 638 07 6761 6600 6050 80.60 229.09 21878 344.18 421.70
BR pg/l 720 38 575 11.00 - 610 13804 1318 1835 223.87
BD g/l 638 675 229 10.10 - - - 912 1392 2239
Pb R ug/l 720 846 - - - - - 182 280 - 0.01
PbD g/l 638 935 - - - - - 110 181 -

AsR  ugll 720 955 - - - - -7 - 0.01
As D  ug/l 638 952 - - - - - 193 -

Se R ugll 720 99 - - - - - - - -
SeD g/l 638 858 - - - - - 195 316 -

Bold: natural baseline threshold

values (NBqys); Italic: ambient threshold values (ABqys); *: Brazilian

CONAMA Resolution 357/2005 of Class 2 limits; #: values adopted from WHO (1998) drinking water
quality; -: data not available.
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Highlights

e First detailed high density hydrogeochemical survey was carried out in Itacaitnas basin;
e We estimated the natural baseline levels (NaBT) and ambient baseline level (AmBT);

o We employed a concept of unmineralized (UnB) & mineralized (MiB) baseline levels;
o High AmBT of Fe and Mn in waters are related to local land use change activities;

e The MiB level of Cu is highly influenced by the hydrothermal mineralized copper belts;
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