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Geochemical mapping of
potentially hazardous elements
in surface waters and stream
sediments of the Quadrilatero
Ferrifero, Brazil

RESUMO

O mapeamento geoquimico e a determinagdo das concentra¢des dos valores
de referéncias de elementos potencialmente perigosos no ambiente vém
obtendo uma crescente relevancia nos ultimos anos. A necessidade de
conhecer dados geoquimicos regionais, bem como a alocagdo espacial de
areas com concentragdes de elementos andmalos e as chances de identificar
suas principais fontes motivam o interesse. Aqui, resultados de um exercicio
de mapeamento geoquimico e derivados de valores de referéncia relacionados
sdo apresentados. Foram coletadas 541 amostras de sedimentos e aguas
superficiais em todo o Quadrilatero Ferrifero (QF), Brasil, com uma
densidade de 1 amostra por 13 km?. Para confec¢io dos mapas geoquimicos
foi utilizada a técnica de interpolagdo denominada inverso da distancia
ponderada (IDW) e para distinguir os valores considerados normais das
anomalias, foi adotada a técnica de separacdo por faixas de concentragdo, na
qual as anomalias sdo definidas pela regra do “boxplot” Upper Inner Fence
(UIF). Os resultados demonstram que mais de 70% da area do QF apresenta
faixas de concentragdo relacionada aos valores do background geogénico para
os elementos estudados. Cerca de 20% da area representam anomalias
positivas, provavelmente relacionadas tanto a tipos de rochas proximas a
superficie quanto a interferéncia humana. Anomalias antropogénicas
distintas, notadamente das atividades de mineragdo, sdo identificadas em 5%
a 10% de todas as amostras. Esta primeira amostragem feita no QF permitiu
delinear um controle efetivo da litologia sobre a composi¢do quimica dos
sedimentos, estabelecer valores de referéncia para as principais bacias e
demonstrar quais comunidades, cidades e bacias que estdo expostas a riscos
ambientais e por isso necessitam ser protegidas.

Palavras-Chave: Geoquimica Ambiental, Valores de referéncia, Sedimentos,
Aguas superficiais, Mapeamento Geoquimico, Quadrilatero Ferrifero, Brasil

ABSTRACT

Geochemical mapping and the determination of baseline concentrations of
potentially hazardous elements in the environment receive increasing
attention. The need to know regional geochemical background data as well as
the spatial allocation of areas with anomalous element concentrations and
chances to identify their major sources motivate the interest. Here, results
from a geochemical mapping exercise and derived related baseline values are
presented. 541 stream sediment and surface waters samples have been
collected across the Iron Quadrangle (IQ), Brazil, with a density of 1 sample
per 13 km”. Geochemical maps were compiled using the inverse distance
weighted (IDW) interpolation method. “Normal” background concentrations
were distinguished from anomalies with the separation-by-concentration-
range technique, where positive anomalies were defined by the “boxplot”
Upper Inner Fence (UIF) rule. The results demonstrate that more than 70% of
the 1Q area shows geogenic background concentration ranges for the elements
studied. About 20% of the area represent positive anomalies, likely related to
both near surface rock types and to human interference. Distinct
anthropogenic anomalies, notably from mining activities are identified in 5—
10% of all samples. This first sampling in the 1Q allows delineation of the
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1 INTRODUCTION

Geochemical mapping significantly contributes
to the sustainability triad (environmental, social
and economic development), since it enables the
discovery of new areas for mineral exploration,
highlights critical areas that may restrict certain
types of land-use, provides regional background
values that help in safeguarding population and
environment, and supports directing
environmental policies (Albanese et al. 2006;
Caritat et al. 2007; Khalil et al. 2013; Kiibek et
al. 2014, Li et al. 2014; Reimann and Garret
2005). Therefore, geochemical mapping has
gained increasing prominence in recent years,
particularly in respect to environmental analyses
(Smith et al. 2012).

Although the geological complexity of the Iron
Quadrangle (IQ), Brazil already suggests a highly
diverse geochemistry, this has never been studied
in detail. Various publications reported high
concentrations of potentially hazardous elements
in water and sediments, which were often related
to human activities, particularly to the long

2 STUDY AREA

The Iron Quadrangle (IQ) in south-east Brazil
is one of the richest regions in the world regarding
economic minerals, covering an area of
approximately 7,000 km?® (19°45' to 20°30' S and
44°30' to 43°07" W). Its history of settlement and
mineral exploration dates back to the last decades
of the 17" Century (Meneses et al. 2011). The
region includes 35 municipalities from the central
region of Minas Gerais state (Figure 1), with more
than 4,135,000 inhabitants (IBGE 2010),
accounting for 22% of the total state population.

The regional economy is based on mining and
tourism with additional intense industrial
activities, particularly in the steel industry and
metallurgy. Important mining activities focus on
iron ores and vast reserves of, e.g., gold,
limestone, dolomite, bauxite, steatite, manganese,
topaz, clay, etc., constituting one of the most
important mineral production provinces in the
country and the best known in geological terms
(Nalini Jr. et al, (2009).

Mining is often seen as an inexhaustible source
of sediment contamination by trace elements in

role of lithology on the elemental composition of stream sediments, and to
establish baseline values for the main river basins — thus pinpointing
localities, cities and fluvial basins that are exposed to environmental risks and
need to be protected.

Keywords: Environmental geochemistry, Background values, Sediments,
Surface waters, Geochemical mapping, Iron Quadrangle, Brazil

mining history (Borba et al. , 2003, Costa 2007,
Deschamps and Matschullat 2011; Matschullat et
al. 2000a; Mendonga 2012; Parra et al. 2007,
Varajao et al., 2010). These studies were scattered
over various IQ sub-regions. However, some were
of an environmental nature, others focused on
mineral exploration; generalizations did not
appear to be justifiable. Hitherto, no regional
mapping studies exist that cover the entire 1Q with
its variety of rock types. To date, no reliable
baseline values were available for the region so
far.

To fill this gap, water and stream sediments
have been collected to 1) determine baseline
values for the development of future
environmental legislation, ii) detect risk areas
with potentially hazardous elements, iii) establish
concrete relationships between the different rock
types and the concentrations of some major and
minor elements and of As, Cd, Cr, Cu, Ni, Pb and
Zn, and iv) contribute to distinguishing natural
(geogenic) from anthropogenic anomalies.

rivers (Carranza 2009; Khalil ef al. 2013; Kiibek
et al. 2014). Many studies have been conducted
on the accumulation of trace elements in river
basins of mined areas in Europe, Asia, North
America and Brazil. These studies have reported
the elevated presence of various trace elements in
water and stream sediments and related adverse
environmental effects (Albanese et al. 2006;
Almeida 2005; Ranasinghe et al. 2009; Thornton
2012). A similar situation can be studied in the
1Q, where various trace elements, e.g., As, Cd, Cr,
Ni, Pb, and Zn, occur in partly excessive
concentrations in both waters and in stream
sediments (Costa 2007; Mendes 2007; Parra et al.
2007; Pereira et al. 2007, Deschamps and
Matschullat 2011; Mendonga 2012; Varajio et al.,
2010.

Three major lithostratigraphic units
characterize the regional geology: (1) Archaean to
Proterozoic granite-gneiss basement, (2) Archaean
greenstone belt, and (3) Proterozoic supracrustal
sequence.
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The Bonfim, Santa Rita, Caeté, Belo
Horizonte, Santa Barbara and Bagdo granite-
gneiss metamorphic complexes represent the
crystalline base of the region, composed of poly-
deformed gneissic rocks of tonalitic composition
and of granite, granodiorite, mafic and ultramafic
intrusions, this granite-gneiss terrain consists of
tonalite—trondhjemite—granodiorite (TTG) formed
between 3380 and 2900 Ma (Teixeira ef al. 2000).

The Das Velhas River Supergroup comprises
the Nova Lima and Maquiné groups. The Nova
Lima group has: (1) a volcanic basal unit varying
from tholeiitic to komatiite, associated with large
numbers of sedimentary rocks, (2) superimposed
volcanic unit with associated felsic volcanism,
and (3) a superior clastic unit. Carneiro (1992),
named the interval of 2.78 to 2.80 Ga, das Velhas
River Orogenic Event, in which there was the
rework of the Archaean sialic crust, intrusion of
tonalitic bodies and felsic volcanism of the Velhas
River greenstone belt. The clastic sedimentary
rocks of the upper unit of the greenstone belt are
predominantly sequences of greywacke-argillites,
with evidences of the significant contribution of
the felsic volcanic rocks of the greenstone belt and
the reworking of the Archaean crust. The
sandstones and conglomerates of Maquiné Group
overlap the Nova Lima Group along an angular
discordance (Baltazar and Zuchetti 2007).

The Minas Supergroup and Itacolomi Group
constitute the supracrustal proterozoic sequences.
The distribution of the Minas Supergroup defines
the geometric contour of the IQ, whose
boundaries are defined by large folds of the
syncline type.

The Minas Supergroup represents a continental
margin sequence, with sedimentation ages varying
between 2580 and 2050 Ma (Renger et al. 1994).
From the base to the top it is divided into the
Caraga, Itabira, Piracicaba and Sabara groups. The

3 MATERIALS AND METHODS

3.1 SAMPLING

The choice of the sampling points was based
on the methodology proposed by Bolviken et al.
(2004), with water and sediment being collected at
the mouths of 3™ order basins. These locations
were determined using the ArcGIS 9.2 software
with hypsometric, topographic and hydrographic
maps of the region on a 1:25,000 scale, provided
by the Institute of Water Management of the State
of Minas Gerais (IGAM) and Geological Survey
of Brazil (CPRM).

From the determination of the points, 541
surface water and stream sediments were sampled

Caraga Group is composed of sandstones and
conglomerates, and represents the rift stage of the
basin, whose maximum deposition age was 2.6 Ga
(Machado et al. 1996). The Itabira Group consists
of banded iron formations (BIF) present in the
Caué Formation with 2.65 Ga (Cabral et al. 2012)
and carbonate rocks in the Gandarela Formation,
2,42 (Babinski et al. 1995). The Piracicaba Group
is composed of ferruginous quartzite and schists,
conglomerates  with  BIF  pebbles and
carbonaceous phyllites that have been deposited in
a shallow to deep marine environment. The
Sabara Group consists of sin-orogenic deposits,
deposited in a foreland-type basin, thus marking
the tectonic inversion of the Minas Basin (Renger
et al. 1994, Alkmin and Marshak 1998), with a
maximum deposition age of 2.1 Ga (Machado et
al. 1996).

The Itacolomi Group is composed of a
sequence of metamorphosed supracrustal rocks
that cover the Minas Supergroup, consisting of
quartzites, phyllites and meta-conglomerates,
locally crossed by basic rock dikes. Polymorphic
conglomerates, serictic quartzites and pellets to
the Itacolomi Group, which were accumulated
during the collapse phase after the
Paleoproterozoic  Transamazonium 2.10 Ga
orogeny (Alkmim and Marshak, 1998; Farina et
al., 2015). Finally, Cenozoic coverings are present
filling small basins in the IQ region.

The IQ yields the headwaters of two major
Brazilian river basins, the Doce and the Sio
Francisco. These are fed by the sub-basins Das
Velhas River, Paraopeba River (both draining into
the Sao Francisco River), and Conceigdo River;
Piracicaba River; Carmo River, Gualaxo do Sul
and Gualaxo do Norte Rivers (draining into the
Doce River). All sub-basins have been exposed to
anthropogenic interference from the beginning of
the settlement of Minas Gerais in the 17" century.

between March 2011 and October 2012
throughout the entire IQ (7,000 km?), providing a
sampling density of 1 sample per 13 km’
(Figure. 1).

All sediments were collected along a 300 to
500 m long river stretch with nine subsamples
each to cover distinct patterns of the fluvial
geomorphology (riffles, pools and transition). In
every morphology, samples were taken from the
right and left bank area as well as the center of the
channel at a minimum distance of >50 cm from
the riverbank, always seeking to avoid the
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collection of highly irregularly deposited organic
matter. Subsamples were mixed to obtain a
representative composite sample of the stretch,
following the protocol in Salminen et al. (2005).
After complete homogenization, 500 g samples
were packed and stored in plastic bags (PE) as
recommended by the United States Environmental
Protection Agency (USEPA 2001).

The water samples were always collected
together with the stream sediments samples at
each sampling point, Water samples were
collected at the center of each stretch, filtered with

das Velhas River Basin
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Figure 1

Simplified geological map of the IQ region, showing the sampling sites and the distribution of basement crystalline rocks, Minas
Supergroup, Rio das Velhas Supergroup, Maquiné Group, Itacolomi Group,Cenozoic Covers and the major river basins.

3.2 CHEMICAL ANALYSES AND QUALITY CONTROL

The sediment samples were dried at room
temperature, homogenised and sieved (<63 pm).
One gram of the grain size fraction <63 pm was
used per sample for the subsequent digestion
process with aqua regia (HC1 to HNOs, 3:1) at the
Geochemical Laboratory of the Federal University
of Ouro Preto (UFOP). After forming sediment

246

"pulp" with some milli-Q water, 7.0 mL of
concentrated HCl and 2.3 mL of concentrated
HNO; (both Merck p.a.) were added. These
samples were allowed to rest for 16 hours under a
fume hood at room temperature. Thereafter, the
beakers were heated (hot plate) to 100 + 5°C for
two hours for volume reduction, then cooled to

Geochimica Brasiliensis 32(2): 243 - 267, 2018



room temperature and filtered through 0.45 um
pore filter paper. The solution was then diluted
with Milli-Q water in a volumetric flask to 100
mL total volume. To evaluate the accuracy of
analyses, blank samples were produced at every
tenth sample, and 10% of the samples were done

in duplicate. The results were additionally
controlled for accuracy using certified reference
material (LKSD-01, CCNRP, Canada). Recovery
rates were always between 93 and 107% and are
presented in Table 1.

Table 1. Percentage of Recovery rates for elements in Standard Reference Material (LKSD 01 —Canada)

Measured Value (mg kg'l) Certified Values Recovery

As 29.2+0.8 30 97.3
Cd 1.14 £ 0.02 1.2 95

Cr 11.2+0.3 12 93.3
Ni 11.8+04 11 107.2
Cu 45.1+£1.2 44 102.5
Pb 834+£2.6 84 99.3
Zn 330.3+9.3 337 98

Digestion with aqua regia is called pseudo-
total digestion and allows for the extraction of
elements associated with the non-silicatic fraction
(although it cannot dissolve various oxides either;
e.g., AlLO;, TiO;). The obtained, relatively
mobile, fraction is of greater environmental
interest, since it represents most oxides, sulfides,
clay minerals and elements bonded to organic
matter (Albanese et al. 2006; Ferreira et al. 2001).
This procedure was chosen because it allows
assessing the maximum amount of elements that
can be released from sediments under acidic
conditions; indicating the maximum
environmental risk of each region (e.g., under the
influence of acid mine drainage).

The sample solutions were analyzed by
Inductively Coupled Plasma-Atomic Emission

Spectrometry (ICP-AES, Spectro Ciros CCD) for
Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na,
Ni, Pb, Ti and Zn-concentrations. Detection limits
are provided in Table 2. Concentrations
particularly of Al, Cr, and Ti may deviate
significantly from true total concentrations as
determined by techniques such as with
wavelength-dispersive X-ray fluorescence (WD-
XRF) spectrometry (Table 3).

The water samples were preserved under
refrigeration and then analyzed by Inductively
Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES, Spectro Ciros CCD) for Al, As, Ca,
Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Ti and
Zn-concentrations, at the Laboratory of
Geochemistry of the Federal University of Ouro
Preto. Detection limits are provided in Table 2.

Table 2. Detection limits for major, minor and trace elements determined by ICP-AES

Element Detection Limit for Stream Sediments (mg kg')  Detection Limit for Water (ug kg™')

Al 2.6
As 1.6
Ca 1.0
cd 0.4
Cr 0.2
Cu 0.3
Fe 0.8
K 2.1
Mg 0.1
Mn 0.1
Ni 0.6
Pb 1.0
Ti 0.6
Zn 0.1

73
57.7
0.0002
6.2
53
3.6
5.6
0.00007
0.0004
1.2
20
7.2
3.9
3.5

3.3 GEOCHEMICAL MAPS

The database obtained from the surface water
and stream sediment samples was used to prepare
iso-value maps showing the distribution of the
potentially hazardous elements in the area. The

geo-statistical interpolation tool IDW (inverse
distance weighting) was applied in ArcGis (De
Vivo et al. 2003), choosing 12 points as nearest
neighbours (Albanese et al. 2006; Bai et al. 2009).
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3.4 BASELINE VALUES

In order to distinguish normal geochemical
background concentrations from anomalies, in
both (surface waters and stream sediments), the
separation-by-concentration-range technique was
adopted (Reimann and Garret, 2005; Caritat et al.
2007; Carranza 2009), where anomalies were
defined by the "boxplot" Upper Inner Fence
(UIF). To order the data and designing the graphic
were used the statistical softwares EXCEL and
Minitab. The boxplot divides the ordered values
of the data into four equal parts, from the
definition of the median (displayed as a line in the
box — Figure. 2) and then the quartiles Q1 (25%)
and Q3 (75%). The third quartile (Q3) is
considered as the background.

These upper and lower quartiles define the
central box, which thus contains approximately
50% of the data. The upper inner fence (UIF) is
defined as the box extended by 1.5 times the
length of the box towards the maximum and the
minimum and was considered as the high
baseline. The upper and lower “whiskers” are then
drawn from each end of the box to the farthest
observation inside the inner fence, and the results
that are above the UIF are considered outliers,
called anomalies. While somewhat simplistic, the
approach is comparable with other statistics-based
alternatives (e.g., Matschullat et al. 2000b).
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Figure 2

Boxplot model of the concentrations of any element (Reimann et al. 2005).

4 RESULTS AND DISCUSSION

The sediment results (median values) were
compared with recent geochemical data (Table 3)
from European stream sediments (Salminen et al.
2005) and the National Geochemical Survey of
Australia (Caritat and Cooper, 2011), a
nationwide mapping of Portugal (Ferreira et al.
2001) and of the Campania region in Italy
(Albanese et al. 2006), with southern China
(Cheng et al. 2014) and west-central Nigeria

(Lapworth et al. 2012). It is observed that the
values of Fe in IQ are notably higher than in all
other regions surveyed, Mn also shows high
values when compared with Europe, Australia and
Portugal, but similar to those found in Italy, China
and Nigeria. Aluminium, Cr and Ti-values should
not be directly compared, since our digestion
method cannot deliver total concentrations for
these elements.
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Table 3. Descriptive statistics for the 541 stream sediment samples from the entire Iron Quadrangle in comparison with data from
Australia (1187 samples), Portugal (653 samples), ltaly (2389 samples), China (5244 samples), Europe (845 samples), and
Nigeria’(1659 samples) (Africa). Numbers rounded for clarity

Unit Min  Max Mean Median Q1 Q3 EUR* AUS** PT" Italy CN*** Nigeria
Al wt-% 4.0x107 9.4 23 1.7 095 34 5.5 1.5 1.6 1.5 7.3 6.0
Fe wt-% 7.110° 62.3 13.9 10.5 5.5 19.6 2.0 23 25 21 3.4 2.8
Ca wt-% 3.7x 10 2.2 0.14 0.1 0.03 1.3 1.7 0.3 02 64 0.7 0.5
Mg wt.-% 1.0x10° 1.6 0.10 0.05 0.03 0.11 0.7 0.3 04 0.6 0.6 0.2
K wt.-% 13x10° 0.6 0.05 0.03 0.01 0.06 1.7 0.2 0.1 0.3 1.9 1.7
Ti  wt-% 5.6x107 0.3 0.06 0.04 0.02 0.07 0.4 n.d nd 0.02 0.5 0.9
As mgkg’ 1.6 1,690 18.1 3.6 1.6 6.1 6.0 2.1 9.0 57 12.5 1.06
Cd mgkg! 0.4 23 1.1 0.4 0.4 0.9 0.28 0.05 nd 02 219 <0.08
Cr mgkg" 0.2 2,580 133 74 34 128 21 29.4 23 199 70 56.8
Cu mgkg" 0.3 233 23 17 8.7 33 14 16.5 22 303 25 14.0
Mn mgkg’ 0.1 28,210 1,580 780 360 1,770 452 387 411 811 739 649
Ni mgkg’ 0.7 680 38 18.5 8.1 43 16 13.8 19 212 29 14.7
Pb mgkg’ 1.0 107 23 21 13.7 32 14 10.5 19 224 31 30.5
Zn mgkg’ 1.6 340 51 47 35 60 60 37.3 74 70.8 81 47.0

Note: All comparative data from other countries are median values. Q1: 1% quartile; Q3: 31 quartile. EUR*: European stream
sediment survey (Salminen et al. 2005) with Al, Ca, Mg, K, Ti, Cd, Co by WD-XRF. AUS**: National Geochemical Survey of
Australia (TOS-Top Outlet Sediments, fraction < 75 pm, aqua regia, ICP-Mass Spectrometry explain in full first time used (ICP-
MS)) (Caritat and Cooper 2011). PT* = Portugal: low-density geochemical mapping (Ferreira e al. 2001). Italy: Campania Region
(Albanese et al. 2006). CN***: geochemical mapping in Southern China (Cheng et a/. 2014) with Al, Fe, Ca, Ti, Cr, Mn, Pb, Ni by
XRF, other elements by ICP-MS. Nigeria: geochemical mapping in west-central Nigeria (Lapworth et al. 2012); data from total

digestion ICP-MS and WD-XRF.

While arithmetic averages of Fe, As, Cd, Co,
Cr, Mn and Ni show relative enrichments in the
1Q sediments reflecting mineralogical
(lithological) anomalies associated with release
from metal mining, the median values do not. This
clearly points at the non-normally distributed data
with specific positive anomalies. The high Fe-
concentrations relative to other countries reflect
tropical weathering and iron enrichment
processes. The plant nutrients Ca, Mg and K show
a strong relative depletion relative to other

countries, typical for  geologically and
pedologically old soils and sediments in
subtropical environments. The environmental

mobility of these plant nutrients (Reimann and
Caritat 1998), the very long weathering time (the
youngest rocks are at least 2.1 Ga old — Machado
et al. 1996) and the climatological situation
(subtropical) likely explains their difference
compared to other regions of the world. This
further corroborates our argument that regional
backgrounds need to be established in order to
derive truly area-representative anomalous values,
rather than comparing local data with global or
continental average values.

By contrast, from what was observed in stream
sediments about the median values, the
comparison of the median surface water results
with the values from Europe (FOREGS, 2005)
and the world (Ivanov 1996) showed notable
differences, with Fe, Pb, Mn and Zn being
markedly higher in stream waters in the 1Q region
(Table 4).

Geochimica Brasiliensis 32(2): 243 - 267, 2018

The iron median value (356) is 5.3 and 9 times
higher than Europe and the world value,
respectively, similar values were found for Zn (17
and 2.3 times higher) and Mn (7.5 and 10.5 times)
respectively. However, it was lead (median 8.3)
that presented high values, 92 times higher than
the value for Europe and 277 times higher than
world average stream water concentrations.

These results demonstrate that the IQ is an area
very enriched with these elements, which occur
due to the weathering processes observed in
subtropical environments and the intense mining
and steel industry activities present in the region.

Classified concentration ranges of the seven
trace elements in stream sediments and waters,
with all values exceeding the UIF being
considered anomalies and values between Q3 (75"
percentile) and the UIF as ‘high baseline’, and
values below Q3 as background, as well Limits
for Drinking Water (Brazil Decree 2914, 2011)
and reference values for sediment quality from the
Canadian Council of Ministers of the
Environment (CCME 2000), are presented in
Table 5.

The sampling density allowed us to
a) delineate the role of lithology on the elemental
composition of the sediments, and b) establish
well-defined behaviour pattern of elements for
each rock type. This in turn permitted c) the
detection of anthropogenic anomalies, which
could be verified, e.g., for Pb, near specific
mining sites.
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Table 4. Descriptive statistics for the 541 water samples from the entire Iron Quadrangle in comparison with data from Europe (807

samples) and World (n.a). Numbers rounded for clarity

Unit Min Max Mean Median QI Q3  EUR*  WORLD**

Al pgL 73 16878 1679 336 155 849 17.7 160
Fe pgL 56 17446 5748 3568 1532 7164 67 40
Ca mgL 020 2468 1651 2,97 1,89 5,50 40.2 12
Mg mgL 040 673 12,84 143 074 267 6.02 2.9
K mgL 007 1446 411 0,84 045 1,57 1.60 2.3
Ti pgL 39 130 73 45 45 45 0.90 3
As  ugll 577 414 729 577 577 577 0.63

cd  pgl 62 202 7.1 6.2 62 7.8 0.01 0.2
Cr pg/L 53 3858 443 8.5 8.5 552 0.38 1
Cu pgll 3,6 263 31,11 3,6 3,6 604 0.88 7
Mn pg/l 12 20296 2477 1057 49 269 15.9 10
Ni  pgL 20 2647 322 23.4 20 384 1.91 2.5
Pb  pgL 72 2147 259 8.3 72 294 0.09 0.03
Zn pgll 3,5 2198 1126 465 229 83,1 2.68 20

All comparative data for other areas of the world are median values. Q1: 1% quartile; Q3: 31 quartile. EUR*: Data from
European Surface Waters Survey; FOREGS (2005) Filtered <0.45 um. WORLD**: Data from Ivanov (1996) Filtered <0.45 pum.

Table 5; Limits for Drinking Water (Brazil Decree 2914, 2011) and Intervention limits for potentially hazardous elements in stream
sediments (CCME 2000); concentration ranges and classification of reference values for potentially toxic elements in the Iron

Quadrangle for Surface Waters and Stream Sediments

Limit for Surface Waters Classification Percentage = CCME Stream Classification Percentage
57.7-69.4 Background 74% 1.6-6.1 Background 78%
As 10 >69.4-96.8  High Baseline 17% 33 >6.1-12.8 High Baseline 16%
>96.8 Anomaly 9% >12.8 Anomaly 6%
62-17.38 Background 76% 0.4-0.9 Background 74%
Cd 5 >7.8-9.4 High Baseline 14% 10 >0.9-1.8 High Baseline 16%
>94 Anomaly 10% >1.8 Anomaly 10%
85-552 Background 73% 34.2-128 Background 73%
Cr 50 >55.2-102 High Baseline 18% 111 >128-269 High Baseline 15%
>102 Anomaly 9% >269 Anomaly 12%
3.6-60.4 Background 74% 8.7-33 Background 72%
Cu 2000 >60.4—-117.2 High Baseline 20% 114 >33-68 High Baseline 24%
>117,2 Anomaly 6% > 68 Anomaly 4%
20-384 Background 75% 8.1-43 Background 2%
Ni 70 >38.4-56.8  High Baseline 17% 36 >43-96 High Baseline 22%
>56.8 Anomaly 8% >96 Anomaly 6%
72-294 Background 76% 13.7-32 Background 78%
Pb 10 >29.4-51.6  High Baseline 19% 250 >32-59 High Baseline 20%
>51.6 Anomaly 5% >59 Anomaly 2%
23-83.6 Background 68% 34.8-60.0 Background 74%
Zn _ >83.6—-144.2  High Baseline 22% 80 >60.0-98.0 High Baseline 21%
>144.2 Anomaly 10% >98.0 Anomaly 5%

*PEL: Probable Effect Level for aquatic life

4.1 ARSENIC

Seventy-eight percent of the stream sediment
samples contained As-values of up to 6.1 mg kg™,
and can be defined as the regional background
(Fig. 2a). An intermediate high baseline’
concentration range with levels of 6.1 mg kg-1 up
to 12.8 mg kg-1 characterises 16% of the
sediments, that are closely related to schists (part
of the Nova Lima Group and the Velhas
Supergroup — Figures 1 and 2a). These are located
in central 1Q, mainly near the municipalities of

250

Ouro Preto, Itabirito, Rio Acima, Nova Lima and
Caeté, all famous locations for primary gold
deposits.

Within this area, segments of the drainage
systems with anomalous sediment concentrations
stand out, representing less than 6% of the dataset:
Sixteen points show concentrations from 102 to
1,690 mg kg, fourteen of which are situated in
river basins, where more than 60% of the area is
underlain by these rock types. These are located in
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areas with intense urbanization and mining
activities. The significant As-presence in this
lithotype is corroborated by its occurrence in
arsenopyrite, loellingite, realgar and arseniferous
pyrite and the local gold mineralization.

This relationship between lithology and
metallogeny becomes prominently visible, when
comparing two districts in the IQ that both
represent schists. A) The municipalities of Nova
Lima, Raposos and Caeté have seen intense gold
exploration and mining during the 17" to 19"
centuries with numerous evidence of extraction
and beneficiation, including abandoned mines and
waste piles.

Here, positive anomalies occur in 28 sub-
basins, with values from 30 to 255 mg As kg,
with one outlier of 1,690 mg As kg'. B). By
contract, only six anomalies were observed in the
Santa Barbara district, where 19 streams, draining
the same lithotype, were sampled in rural areas
without mining and little urbanisation
(concentrations from 19 to 93 mg As kg™).

Anthropogenic  influence = and  mineral
exploration act as strong drivers for As-release.
We found 52 points with As-concentrations above
the Canadian intervention limit (aquatic life) for
sediments; most of them located at rural and peri-
urban localities in the Das Velhas River basin,
with low-income and low-education populations,
that often consumes fish from these rivers and is

4.2 CADMIUM

While most of the 1Q yields relatively low
stream sediment Cd-values, anomalies were found
in all river basins (Figure 3a). The median Cd-
value throughout the IQ was 0.4 mg kg™'; basically
equal to the detection limit and about four times
above the upper crustal average (0,09 mg kg™')
(Salminen et al, 2004) . Seventy-four percent of
the sediment samples contained Cd-values below
0.9 mg kg, which may be considered a high
baseline value. Only nine streams were found with
values exceeding the CCME sediment guidelines;
most of these in areas of much mining-related
interference.

However, anomalous concentrations occurred
in the Carmo river basin (1.3 and 13.5 mg kg™). In
the Velhas River basin, 32 stream sites showed
concentrations from 0.95 to 1.79 mg kg™ and 20
sampling points yielded 1.80 to 14.7 mg kgfl.
Most of these anomalies were observed in areas
that drain schistose terranes; again parts of the
Nova Lima Group rocks (Figures 1 and 3a).

The influence of these lithologies on the Cd-
concentration is relevant because the related
drainage basins showed median values and a Q3

supplied with the water from these sources and
unaware of the potential related risks of high
concentrations of As in the environment
(Deschamps and Matschullat 2011).

The arsenic values in surface water ranged
from < 57.7 to 414 png. L. Seventy sampling
points (13.7%), had values of arsenic above the
quantification limit of 57.7 pg. L™, which in this
case was considered as the background value,
because most of the sample points (86.7%)
showed concentrations up to this level. As surface
waters can have arsenic concentrations ranging
from 0.5 pg L' to more than 5000 pg L™, with the
most common values below 10 pg L, and often
less than 1 pg L' (Smedley and Kinniburgh,
2002), the high limit of quantification did not
allow a more detailed statistical analysis of the
water samples. However, the distribution of points
with values above the limit of quantification show
important trends, with waters rich in As occurring
not only in the Carmo River (Borba et al. 2000;
Deschamps et al. 2002; Borba et al. 2003; Varejao
et al. 2011), Velhas River (Borba et al. 2000;
Matschullat et al. 2000; Deschamps et al. 2002;
Borba et al. 2003, Matschullat et al. 2007) and
Conceicdo River basins (Borba et al. 2000;
Matschullat et al. 2000; Deschamps et al. 2002;
Borba et al. 2003, Matschullat et al. 2007), but
also in the Paraopeba and Piracicaba River basins.
(Figure 2b)

of 2.1 and 2.4 mg kg ', respectively; higher than
over the other lithologies in the area.

Areas of environmental preservation in the
upper Velhas River basin show values from 2.4 to
5.7 mg Cd kg, demonstrating the natural release
of trace elements from rocks and soils. It is worth
mentioning that in stretches, where significant Cd-
anomalies were found, these were often associated
with high Pb and Zn-concentrations (Parra et al.
2007). The highest Cd-concentration lay at the
Concei¢do River mouth with 12 significant
anomalies (concentrations from 3.1 to 23 mg Cd
kg'). Here, a clear relationship with mining
activities was observed.

Regarding surface water (Figure 3b), the 1Q
has Cd- values ranging from < 6.2 to 202 pg. L™,
A number of 368 sampling points (68%)
contained values below the quantification limit of
6.2 ug L™, which in this case was considered as
the background value. On the other hand, 173 of
the sample points showed concentrations above
this level, which is higher than that recommended
by Brazilian legislation (5 pg. L™) for drinking
water, showing that there is a great potential risk

Geochimica Brasiliensis 32(2): 243 - 267, 2018 251



As distribution in stream sediments (mg/kg) l (f

peixe River

620000 640000 660000 {
1 1 1

7820000 —7820000

-

g L CAETE %
7800000 SABARA o BARAO DE COCAIS 7800000

BELO HORIZONTE Piracje,
Cicaby f;
Ver

560000 580000 600000 RAP0OSO0S q;\&( " GANTA BARBARA
ox 680000
7780000 IGARAPE NOVA LIMA ..’%.;. . ; /.. 7780000
() y ) CATAS ALES
Py - . ® O
raopepg Rivey s) :
m BRUMADINHO
560000 580‘000 - 8. Gualaxo do Norte River.

SO0 7760000
600000
O

©  High Baseline Values: >6.1 - 12.8
A Anomalies: >12.8

. 1691
As (mg/Kg)

-
@)
OURO PRETO

>
do Carmo River

A ‘v 7740000
!

W

7740000

(

OURO BRANCO

Gualaxo do Sul River 0357 14 21 Kilometers

| S E— —
- 1,63 620000 640000 660000
680000
As distribution in surface water (ug/L) 2//
peixe River
620|000 640[000 860]000

[~7820000

7800000 BARAO DE COCAIS R

560000 580000 600000
IGARAPE
7780000+ NOVA LIMA
ParaOpeba R A
BRUMADINHO
560000 580000
a20000. | ITABIRITO
~ S
O High Baseline Values: >69.4 - 86.9 & . N
s A OURO PRETO
A Anomalies: > 86.9 g ]
7740000 S
&
414.0
CONGONHAS OURO BRANCO
As (ugIL) \ Gualaxo do Sul River 0357 14 21 Kilometers
T T T | IS I I
620000 640000 660000
- 57.7

Figure 2
Arsenic distribution in stream sediments (a) and in surface waters (b) of the Iron Quadrangle.
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Cadmium distribution in stream sediments (a) and in surface waters (b) of the Iron Quadrangle.
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to the health of humans and animals in the region,
because many rural communities in the region use
these water resources for supply without any
treatment.

Salminen et al (2005) report that median
cadmium  concentrations in surface waters
around the world are 0.2 pg. L™, and in the river
waters are typically < 0.5 pg. L. Neal and
Robson (2000) showed that about 4%  of
surface water had concentrations as high as
10 pg. L, basically equal to the high baseline
limit of the 1Q. However, 27% of the sample
points in the IQ showed concentrations above this
level, which were found mainly in Das Velhas and
Rio do Carmo river basins.

In the Carmo river basin the higher values

4.3 CHROMIUM AND NICKEL

The Cr-distribution in stream sediments the 1Q
is very similar to that of Ni (73% of the sampling
points show joint anomalies; (Figure 4a and Sa),
reflecting the geology of the area. Seventy-three
percent (Cr) and 72% (Ni) of the sediments show
concentrations below 128 and 43 mg kg™ defined
as background values respectively. Upper baseline
values for Ni were reported in 22% of the samples
with concentrations ranging from 43 to 96 mg kg’
! and anomalous values were noted at 32 sites,
showed Ni-concentrations above the UIF.

High baseline Cr-concentrations between the
background value and the UIF ranged from 128 to
269 mg kg (Table 5). This comprises about 15%
of the samples, that along with the Ni anomalies,
are located mainly in the centre of the IQ region,
with anomalies related to the presence of Velhas
River Supergroup rocks (Figures 1 and 4a).
Indeed, 14 anomalies (145-385 mg kg'') were
observed in the upper Das Velhas river region, an
area of low human interference (environmental
preservation and two rural communities), draining
rocks of the Nova Lima Group. In the same basin
and on the same lithology in the municipalities of
Rio Acima, Nova Lima, Caeté and Sabara
(urbanization and intense mining activity), 27
anomalies were found (140-570 mg kg'). The
highest density of stream sediments with high Ni-
concentrations (43-96 mg kg') was detected in
the central region along the Das Velhas river
basin. That area contains the municipalities of
Ouro Preto, Itabirito, Rio Acima and Nova Lima,
and the river drains areas with schists of the Nova
Lima Group (Figures 1 and 5a). Here, 41 streams
with concentrations ranging from 44 to 157 mg
kg' were found. The abundant Ni and Cr-
presence in sediments from these rocks originates
from sulphidic and ultrabasic deposits.

(19.7 and 202 pg. L"), were recorded in two
locations along the Rio do Carmo itself, which
flows through the cities of Ouro Preto, Mariana
and other localities, being characterized by high
anthropic influence through the discharge of
domestic sewage and mining waste.

The Velhas River basin had 15 water samples
with concentrations ranging from 11.8 to 19.6
ng. L. (Figure 3b). Most of these anomalies were
observed in areas of much mining-related
interference and proximal to roads that give
access to the mining companies. Anomalies were
also found within urban areas, such as a point
within the city of Nova Lima, which also
contained values above the Brazilian drinking
water guideline for Ni, As, Pb.

The highest Ni-anomalies were located in the
north-eastern 1Q, in Catas Altas in the lower Serra
do Caraga (518-623 mg kg™), and are co-located
with the highest Cr-concentrations (2,460 and
2,580 mg kg') of the entire IQ. These anomalies
occur in basins, which drain undivided ultramafic
and mafic rocks with high Cr and Ni-
concentrations (Costa 2007; Roeser et al. 2007,
Figure 5). These high concentrations of chromium
extended down the Conceigdo river basin with
eight streams containing 108-680 mg kg,
corroborating previous data from stream
sediments obtained by Parra et al. (2007), to the
municipality of Rio Piracicaba (126-230 mg kg'l).

These sites drain  schists, quartizites,
ferruginous quartzite and meta-basalts of the Nova
Lima Group (Figures 1 and 5a). Intense mining
activities characterise the basin, which contributes
to the availability of these elements to the
environment. High concentrations of both
elements were also observed in basins that drained
granites and gneiss in the southwest portion of 1Q,
close from Congonhas, which could be an
anomaly. However, diabase intrusions were found
next to the collection sites, explaining the high
concentrations in these areas (Carneiro et al.
1998).

One hundred and sixty sample locations
showed sediment Cr-concentrations above the
CCME-intervention-limits for aquatic life. Most
of these streams are tributaries of the Paraopeba
and Piracicaba rivers.

Chromium values in IQ surface water ranged
between < 5.3 and 385.8 pug. L', with a median
value of 8.5 pg. L', 22 times higher than the
European median value (FOREGS, 2005) and 8.5
times higher the world median value (WHO,
2004). Salminen et al (2005) report concentrations
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of chromium in uncontaminated natural water are
typically less than 10 pg.L"' and the European
Commission and US EPA threshold for drinking
water is 50 pg.L”' Cr. These levels allow us to
conclude that the surface waters of the IQ have
remarkably higher chromium values.

Seventy-three percent of the water samples
contain Cr values of up to 55.2 ug.L'1 (Figure 4b
and Table 5), 18% of the samples contain an
intermediate (upper baseline) concentration range
with levels up to 102 pg.L™, and 46 anomalies
were found across all the river basins.

Chromium concentrations at 184 sample points
(34%) were above that allowed by Brazilian law
for drinking water (50 pg.L™), showing that there
is a great potential risk to the health of humans,
because many of these rivers supply water for a
large population, which live in small cities, rural
towns, rural communities and residential
condominiums.

Anomalies were reported in the Paraopeba
River basin (Figure 4b), where 12 locations had
Cr values between 197.3 and 326.4 pgL” Cr,
some points were located within the city of
Congonhas and suffer the discharge of domestic
sewage. The Paraopeba and Piracicaba rivers are
used for the water supply of many cities. Both
rivers pass through many rural communities,
where river water is directly abstracted for human
consumption.

High concentrations were also observed in
rivers located in the southwest portion of 1Q, close
from Congonhas, which drained on granites and
gneiss, in areas of low environmental impact, but
diabase intrusions were found next to the
collection sites, explaining the anomalous
concentrations in these areas.

Ten water samples with anomalous
concentrations were found along the Das Velhas
River basin (Figure 4b), with values ranging
between 104 and 262.5 pg.L'Cr. These rivers
were located in rural communities and in
permanent preservation areas (PPA’s) open to
visitors. This demonstrates that weathering may
release  significant amounts of potentially
hazardous elements from natural lithologies into
the environment even in areas of low human
interference.

Similarly, the highest stream water Cr
anomalies were located in the northeastern IQ, in
Catas Altas (203 — 284 pg.L™), in areas which
drain ultramafic and mafic rocks, and extended
down the Santa Barbara river basin including
seven rivers with concentrations between (104—
362 ug.L™)

The anomalous values continue to the
municipality of Rio Piracicaba, but with higher

levels reported there (268.3-312.8 pg.L™"). The
predominant lithologies in these locations are
schists, quartizites, ferruginous quartzite and
meta-basalts of the Nova Lima Group, but the
intense mining activity contributes to the
availability of these elements to the environment.

The Ni distribution in 1Q surface waters is
similar to that of Cr. Seventy-five percent of the
samples contain Ni concentrations up to 38.4
pg. L") (Figure 5b and Table 5), which can be
considered as the background value, 17% of the
samples fall within the higher baseline
concentration range up to 56.8 pug.L”, and 69
anomalies were found across all the river basins.

The values of nickel ranged between < 20 to
264.7 ug.L”', with a median value of 23.4 pug.L”,
9.4 times higher the world median value (WHO,
2004) and 12 times higher than the European
value (FOREGS, 2005). Reimann and Caritat
(1998) report that the average Ni concentrations in
surface water vary from less than 1 to about 10
pg.L'l, and just like Cu, Cr, Cd and As, the waters
of IQ have notably higher levels of nickel than
world averages.

Fifty-two of the water samples (9.6%) exceed
the level allowed by Brazilian legislation for
drinking water (70 pg.L™"), which shows again,
that there is a population exposed to potential
health risks, since the people who consume this
water, which is treated by the municipal services,
which only make simple chlorination.

Forty-two anomalous samples were found
along the Das Velhas River basin (Figure 5b), the
values ranged between 57.3 and 95.7 pg.L™". The
highest value found in this basin was located in a
point within urban areas in the city of Nova Lima,
which also contained values above the UIF for
Cd, As, Cu and Pb.

Anomalous concentrations were also reported
in the Paraopeba River basin with eight rivers
showed values between 78.3 and 241.5 pg.L™' Ni.
This basin shows a very strong spatial association
between Ni and Cr, with 75% of the sample points
presenting joint anomalies.

Concentrations above the Ni UIF were also
found in the Carmo river basin (127.3 and 153.7
ng.L") at the same points where Cd, Pb, Cu and
Zn anomalies were found. This river flows
through the cities of Ouro Preto, Mariana and
other localities, characterized by the discharge of
domestic sewage and mining waste. Just like
chromium, the highest Ni anomalies were located
in the Santa Barbara / Rio Piracicaba basin, again
a strong spatial association between Ni and Cr
was verified, with 85% of the sample locations
presenting joint anomalies.
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Figure 4
Chromium distribution in stream sediments (a) and in surface waters (b) of the Iron Quadrangle.
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Ni distribution in stream sediments (mg/kg)
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Nickel distribution in stream sediments (a) and in surface waters (b) of the Iron Quadrangle.
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Anomalous Ni values were found in Catas
Altas (157-201.2 pug.L™), in rivers which drain on
ultramafic and mafic rocks, and in the Santa
Barbara river basin with eight waters with values
between 71.4 — 251.8 pg.L". Still in the same
basin, but unlike chromium, because the values do

4.4 COPPER

The IQ sediments showed Cu-concentrations
of up to 33 mg kg (Figure 6a), as the regional
background. Eighteen high baseline values lie
between 33-68 mg kg’ (Table 5) and show a
close relationship with schists of the Nova Lima
Group reflecting the presence of chalcopyrite in
this rock unit.

The largest anomalies were found along the
Das Velhas river basin, with many rivers draining
these rocks. In the upper part of the basin, nine
sediments with anomalous concentrations were
located in rural communities and in permanent
preservation areas (PPA’s) open to visitors. This
demonstrates that weathering may release
significant amounts of elements from these
lithologies into the environment even in areas of
low human interference. In the north-western
region of the IQ, including municipalities of
Igarapé and Brumadinho (Metropolitan Region of
Belo Horizonte), anomalies were observed in
rivers that drain schists of the Nova Lima Group
(35-72 mg kg'l). Most of these streams are
located in areas with vegetable production, where
Cu-based fungicides are intensely applied, which
may influence the sediments (Albanese et al.
20006).

Larger anomalies were observed in another
part of the I1Q, including the municipalities of
Itabirito, Rio Acima, Nova Lima, Raposos and
Caeté. Here, 32 rivers were sampled, of which 21
showed high sediment Cu concentrations (41-233
mg kg'). These drainage systems are located in
highly urbanized areas with intense mining and
industrial activity.

The IQ surface waters showed Cu values
which ranged from < 3.13 — 263.8 pg.L", with
concentrations up to 60,4 pg.L” (Figure 6b and
Table 5), considered as the background value. The
median value was 3.6 pg.L”", four times higher

4.5 LEAD

The Pb-distribution in 78% of the IQ stream
sediments  was  characterized by  low
concentrations (1.00-32 mg kg'l) (Figure 7a),
taken to be the regional background (Table 5).
The high baseline ranged from 32 to 59 mg kg™,
and is closely related to lithology mainly phyllites

not rise, anomalous values were found in the city
of Rio Piracicaba (93.5 — 189.4 ug.L'l), the
intense mining activity combined with lithology
are factors that contribute to the availability of this
element in the environment.

than the median European stream water value.
FOREGS (2005) stated that levels around 10
pg.L" are fairly typical in uncontaminated and
natural water, it is concluded that the surface
waters of 1Q have notably higher copper values.

Allied to this, the same authors also report that

concentrations of a few hundred pg.L” may be
related to the acid drainage of the mines, which
was also found in IQ, at sampling points located
near mining sites in the cities of Itabirito and
Santa Barbara, corroborating previous work by
Mendonga (2012), which also reported very low
pH wvalues in this area. Stream water Cu
concentrations above the high baseline value
(117.2 pgL™) were found at 34 places,
distributed in all river basins.
The largest anomalies were found along the Das
Velhas River basin (Figure 6b), where 16 rivers
with values ranging between 117.3 and 263.8
ng.L" were recorded. In the middle section of the
basin, twelve locations with  anomalous
concentrations were observed, most of them
located within the cities (Nova Lima, Rio Acima
and Honério Bicalho) showing a close
relationship with schists of the Nova Lima Group
and the intense occupation and use of the land.

Anomalous concentrations were also observed
in the southeastern region of the IQ, in the Carmo
river basin with values ranging between 105.3 and
173.5 pg.L™" at the same locations where cadmium
and nickel anomalies were found, characterized
by the discharge of domestic sewage and mining
waste.

Anomalies were reported in the surface waters
of the Paraopeba River basin with values between
153.8 and 184.7 pug.L™" located in the upper part of
the basin, in the city of Congonhas, at sampling
points downstream of a steel plant.

and itabirites of the Minas Supergroup. Anomalies
above 59 mg kg showed a significant spatial co-
location with Fe, seventy-two percent of the sites
displayed Fe-anomalies jointly with high Pb-
concentrations.
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The highest Pb-concentrations were found in
areas heavily impacted by mining activities, and
related to phyllites and itabirites of the Minas
Supergroup (Figures 1 and 7a). These anomalies
are located in the central western region of the 1Q,
especially in the Paraopeba River and the Das
Velhas River basins; an area with ten active
mining companies. In this region, 21 streams
showed elevated concentrations of Pb in sediment
(38-70 mg kg™).

Lead also served well as a geochemical marker
because at sampling points close to regions that
contain rocks with high levels and mining
activities, there are high concentrations of this
element in the sediments, and from the distance of
these points there is a decrease in the
concentration of lead e.g., in the Congonhas
region (southwest portion of IQ), where the
predominant rock types are granites and gneisses.
Lead concentrations ranged from 40 to 50 mg kg’
! which may be explained by the iron ore mining
activities upstream of this area. A hypothesis
supported by those collection locations that
showed advanced siltation. The Pb-content
decreased significantly with increasing distance
from the mining companies, located at the top of
the syncline (Figures 1 and 7a).

The lead values in surface water ranged from <
7.2 to 214.7 pgL”, with a median value of 8.3
ng.L”, these values are significantly higher than
those observed in Europe, which ranged from <
0.005 to 6.37 pgL”', (median: 0.093 pg.L™)
(Salminen ef al, 2005).

Seventy-six percent of samples had Pb values
of up to 29.4 pg.L™" which can be considered as
the regional background (Figure 7b and Table 5).

4.6 ZINC

Sediment Zn concentrations range between 1.6
and 340 mg kg, with a median of 47 mg kg,
(Figure 8a). Twenty-seven samples show values
above the UIF (>98 mg kg™'; Table 5).

The highest Zn-concentrations showed no
relationship with a specific lithotype, since
excessive concentrations were found both in
schists of the Rio das Velhas River Supergroup
and itabirites of the Minas Supergroup (Figure 1
and Figure 8a). This unspecific Zn-behaviour in
sediments can be partially explained by its ability
to replace Fe and Mn in oxides and silicates,
which significantly increases its presence in clay
minerals, iron oxides and organic substances
(Reimann and Caritat 1998), allowing it to be
found even in regions far away from source areas
(Figures 1 and 8a).

Ninety samples with Pb concentrations above the
high baseline value (51.6 pg.L™") were found
across all river basins

In the Paraopeba river basin two important
trends were recognized: (a) in areas of low
environmental impact, but in basins draining on
phyllites and itabirites of the Minas Super Group
values between 52 to 63 pg.L™" Pb in stream water
were found and (b) in rivers draining the same
lithologies but with sites heavily impacted by
mining activities, higher values between 58.7 and
183.4 pg.L"' Pb were recorded. In the Velhas
River basin, twenty-four stream waters showed
concentrations from 52.5 to 201.4 ug.L”, most of
these are located in rural communities, which
have a great quantity of domestic sewage released
in the rivers, although some of the high values
were within cities (Nova Lima and Itabirito).

Almost 28% (149) of the stream waters,
showed values of lead above that allowed by
Brazilian legislation for drinking water (10 pg.L’
Y. Since many of these rivers are used as a source
of water supply for urban agglomerations, rural
communities, and farms, there is potential for a
large population to be exposed to higher than
recommended lead intake, mainly in the cities of
Ouro Preto, Nova Lima, Itabirito, Congonhas,
Mariana and Bardo de Cocais, although water is
treated before being distributed to the population,
in many cities in the IQ region, the water
treatment is not planned to remove hazardous
elements from water, moreover, in many rural
communities the water treatment is done only
with a simple chlorination, so it is important to
show these numbers.

Zinc shows anomalies similar to As, Cu, Ni
and Cr in the northern portion of the Das Velhas
River basin; in the municipalities of Caeté, Rio
Acima and Nova Lima, a region greatly affected
by mining and urbanization. Here, 21 anomalies
were found, with concentrations from 66 to 320
mg kg, all of them on streams draining meta-
basalts and schists of the Nova Lima Group.
Seven sites with  higher sediment Zn
concentrations (63—120 mg kg') were found in
the municipality of Itabirito in the same basin,
which is underlain by itabirites, hematite and
phyllites of the Minas Group.

These sites are located in areas heavily
impacted by mining activities and show
concurrent Fe and Pb-anomalies in the sediments.
Anomalous concentrations were also detected at
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another seven sites in the Upper Doce River basin,
which lie on quartzites of the Itacolomi Group,
phyllites of the Minas Group and schists of the
Nova Lima Group.

The lithological composition allows for a
limited release of Zn only (up to 60 mg kg™),
considered the regional background (Table 5).
Values in the range from 60 to 98 mg kg (high
baseline) can be attributed to the combination of
lithology and possible anthropogenic interference.

Indeed, in the majority of the sediments Zn-
values are below the limits of intervention
recommended by the CCME (2000), only 56
sediments had concentrations above this limit, of
which 31 were found in the Velhas river basin in
urbanized and industrialized regions impacted by
mining activities. The highest Zn-concentration in
the entire 1Q (340 mg kg') was located
downstream of a steel industry in the city of
Congonhas. This stream also showed Ca, Cu, Mn,
Mo, K, Na, and Cr-anomalies as well as a very
high alkaline pH (9.4).

Interestingly, among the sediment anomalies
located in the upper part of the Doce River basin,
three are located downstream of a metallurgical
company (110 to 131 mg kg'1 Zn), which also
showed elevated Mn, Ni, Co and Cu-
concentrations. In the Piracicaba River basin,
anomalies were found in the cities of Barfo de
Cocais and Santa Barbara (64—179 mg kg™); again
likely related to human interference, as they were
mostly found in urban streams or near industrial
or mining activities.

The Zn values in surface water ranged from <
3.6 to 2198 pg. L', with a median value of 46.8
pg. L, 2.3 times higher than the world median
value (WHO, 2004) and 20 times higher the
European value (FOREGS, 2005).

These numbers allow the conclusion that the
surface waters of IQ have notably higher Zn
values. Confirming this, WHO (2004) reports that
in natural surface waters, the concentration of Zn
is usually below 10 pg. L™

Sixty-eight percent of the water samples had
Zn concentrations up to 83.6 pug.L" which can be
considered as the background value. Zinc
concentrations above the UIF value (144.2 ug.L'l)
were found at 61 sample locations across all the
river basins.

Zinc shows anomalies in the Velhas river basin
with 13 stream waters showing values between
1448 and 219 pgL™”, in areas with high
population density, characterized by intense use
and occupation of the soil, mainly in the
municipalities of Nova Lima, Sabara and Caeté.

Anomalous concentrations were detected also
at Piracicaba river basin, with values ranging from
153 to 436.2 pg.L™". These streams were located
within cities or near industrial or mining activities
in Rio Piracicaba, Bardo de Cocais and Santa
Barbara.

However, the largest density of anomalies is in
the southern portion of the IQ, in the Upper Doce
River basin (Gualaxo do Sul and do Carmo river
sub-basin), where 25 stream waters with values
between 540 and 2198 pg.L™ are located in the
municipalities of Ouro Branco and Ouro Preto .
These anomalies can be attributed to the
combination of lithology and  possible
anthropogenic interference because most of them
were detected in areas that drain on phyllites and
itabirites of the Minas Super Group, but the
highest values were observed in rivers near a
metallurgical company, which also showed
elevated Mn, Ni, and Cu concentrations.

In summary, seventy-two to 78% of the 1Q
stream sediment samples showed no positive As,
Cd, Cr, Ni, Cu, Pb and Zn-anomalies (Table 5)
which clear shows signatures of the lithological
background. Fifteen to 24% revealed positive
anomalies (high baseline) for these elements that
could be related to geogenic factors, and 2—12%
of the area represented unusually high
concentrations (anomalies) that may be related to
both mineralization and to human interference,
notably mining activities.

With regard to surface water, similar
percentages were found, with sixty-eight to 76%
of the 1Q samples presenting values up to Q3
(background) for As, Cd, Cr, Ni, Cu, Pb and Zn.
Fourteen to 22% of the samples contained values
between Q3 (background) and UIF (high
baseline), which represent anomalies related to
geology, and 5-10% of the samples show
uncommonly high values, that may be related to
both mineralization and to anthropogenic action,
mainly discharge of domestic sewage and mining
waste.
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5 CONCLUSIONS

For the first time, regional background values
can be presented for selected chemical elements
of 1Q stream sediments. These background values
are near or even below the upper crustal averages.
This study allowed the establishment of baseline
values for the most significant 1Q drainage basins.
The wide variety of locations and rock types is
reflected in a large variability of element
concentrations — up to three orders of magnitude,
which was not observed in previous studies from
the region (Matschullat e al. 2000b; APA Sul
2005; Costa 2007; Mendes 2007; Mendonga 2012;
Parra et al. 2007; Pereira et al. 2007) — due to
their more localized focus. Most noticeable are the
depleted plant nutrients (Ca, Mg and K), with
consequences for agriculture, depletion of these
elements in stream sediment is indicative of the
surrounding bedrock and tropical weathering and
likely to affect soils also.. This work also reveals
anomalies of selected elements for river basins,
where so far no anomalous sediment
concentrations had been reported. Chromium, Ni
and Co-concentrations in the upper part of the
Piracicaba River basin and As-anomalies in the
Paraopeba River basin may serve as examples.

Anomalous concentrations of several elements
in stream sediments were found across the IQ.
Many streams show As, Cd, Cr, Cu, Ni, Pb and
Zn-concentrations above Canadian sediment
recommended PEL-values to protect aquatic life.
These sediments often demonstrate a distinct
anthropogenic interference, located downstream
of mines. These need to be monitored, as any
changes in pH and Eh (redox potential), which
may occur due to the discharge of sewage or
effluents, could change the environmental
conditions and promote the mobility and
biological availability of potentially hazardous
elements into the water column; thus the entire
food chain (Costa 2007; Matschullat 2000a et al. ;
Pereira et al. 2007).

Regarding surface waters, many locations were
also observed where metal concentrations were
above the Brazilian Drinking Water Guidelines,
mainly for As, Cd, Cr and Ni. These may
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