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Abstract The Sdo Jodo Drainage Basin is a very important
and strategic waterbody located in the Lagos Region, Rio
de Janeiro State, one of the most popular tourist regions of
Brazil. However, the fast economic and subsequent popu-
lation growth in that region has created untreated wastes
from several anthropogenic activities, which include the
trace metals disposal into the surface waterbody. This study
aims to relate the major ions and trace metals behavior
during a 1-year sampling campaign and to provide infor-
mation about the sources of chemical constituents and the
factors that control their concentrations in the three main
fluvial compartments of the drainage basin, including the
Juturnaiba Reservoir which has a crucial role for water
supply in the Lagos Region. The chemical data reveal that
rainfall is the main factor responsible for the physico-
chemical parameters and the water dissolved constituent’s
variations. The geological and anthropogenic factors which
are the main sources of water constituents were assessed by
the Inorganic Chemical Index. Those data corroborate the
great influence of rainfall and reveal the importance of
anthropogenic sources of chemical constituents in some
parts of the Juturnaiba Reservoir. The geochemical mod-
eling suggests that hydrolysis reactions are primarily
responsible for the trace metals availability in the three
fluvial compartments in both dry and wet seasons, followed
by carbonate and sulfate complexation.
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Introduction

The constant use of freshwater resources and the intro-
duction of toxic materials in aquatic ecosystems require a
large number of studies in order to assess and preserve the
water quality. Human activities and land use often modify
significantly biological, physical and chemical processes in
natural waterbodies (Falkenmark 1986; Foster and Char-
lesworth 1996). Those system modifications can be asses-
sed through changes in water quality that may be detected
when rivers receive municipal discharges (mainly sewage
and industrial waste) and drainage from agriculture areas
(Chapman 1996; Ongley 1998). Pollution of freshwater
bodies not only affects the water quality but also poses a
threat to public health, economic development and the
social prosperity of a region (Pesce and Wunderlin 2000;
Rebougas et al. 2002).

Although Brazil possesses 13.7% of world’s freshwater,
there are large variations in the availability of water
throughout the country due to its large size and this has the
potential to affect economic development. For instance,
about 73% of surface freshwater is concentrated in Ama-
zon region, which has less than 5% of the country popu-
lation, whereas only 27% of surface freshwater resources
are available in the other Brazilian regions where 95% of
the population lives (Lima et al. 1999; Reboucas et al.
2002). Consequently, there is a risk that Brazil could suffer
from water shortages in the near future due to the unequal
distribution of its water resources.

In some important regions of southeastern Brazil, like
Sao Paulo and Rio de Janeiro Metropolitan Regions, the
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availability of freshwater has become of significant con-
cern because of the high population demand and because
water quality is being influenced by the uncontrolled
urbanization. These factors greatly increase the cost of
water treatment and can lead to water use restrictions
(ANA 2002, 2005).

The quality of freshwater produced in a drainage basin
can be influenced by several factors, including the local
climate, extent of vegetation cover, topography, geology.
However, human land uses are often the most important
factor that would affect directly water quality. Drainage
basins are highly susceptible to the pollution due to inputs
and the transport of industrial, domestic and agricultural
waste (UNESCO 1998).

The Sdo Jodo River Drainage Basin has a total area of
2160 km? and occupies part of 7 municipalities in Rio de
Janeiro State: namely Cachoeiras de Macacu, Rio Bonito,
Casimiro de Abreu, Araruama, Sdo Pedro d’Aldeia, Cabo
Frio, Rio das Ostras and integrally Casimiro de Abreu
municipality (Fig. 1). This drainage basin is located in an
important region of Rio de Janeiro State, the Lagos Region,
considered one of the most important tourism regions of
Brazil. It is composed by three main tributaries, namely
Sdo Jodo, Bacaxd and Capivari Rivers. These rivers
debouch into the Juturnaiba Reservoir, the main water
supply source of Lagos Region, and provide freshwater for
a population of about 700,000 inhabitants, which can reach
1.5 million people in summer (INEA 2012).

The main economic activity in the region until the
nineteenth century was agriculture based on the cattle
breeding, sugarcane and orange plantations. More recently,
there has been a large expansion in tourism and in the
mining of natural aggregates, particularly in sand mining
(this is one of the main sand mining districts in Rio de
Janeiro State). These activities have led to large population
increases in the main municipalities surrounding the Sao
Jodo River. Despite the increased population in the region,
about 40% of the area of the basin (63,400 ha) (Brasil
2008) is still covered by forest.

The relatively fast economic and subsequent population
growth of the region surrounding the Sdo Jodo River
Drainage Basin (in most cases without adequate infras-
tructure) have created large volumes of untreated wastes
including trace metals (heavy metals, Zn, Cu, Pb, Cd, Cr,
etc.). These metals could be derived both from natural
sources (from rocks, soils and sediments concentrations
depending on their regional/local geology background) and
from anthropogenic sources (Baird 1998). In aqueous
ecosystems, the metals may be in dissolved phase and
associated with inorganic and organic complexes as well as
in a suspended phase where they may be incorporated and
bioaccumulated in aquatic organisms (Forstner and Witt-
man 1983; Boniforti et al. 1988; Foster and Charlesworth
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1996). Dissolved trace metals may be precipitated through
adsorption, which is controlled by physicochemical
parameters like pH, Eh and electrical conductivity (Car-
balleira et al. 2000; Arias et al. 2005; Marques et al.
2010, 2012). Because trace metals naturally occur in high
content in different rock types, they may become available
through weathering products in soil and sediments (Rose
et al. 1979; Licht 1998; Silva-Filho et al. 2014).

Thus, this study aims to characterize the dissolved major
ions and trace metals behavior along the pluvial regime
(dry and wet seasons) from the drainage basin which is the
main waterbody and water supply of the Lagos Region. It is
noted that human impacts in that region could have a great
contribution for dissolved trace metals in the river water.
However, the regional geology and the seasonal rains could
also have a significant influence on metal concentrations in
this water body.

Study area

Since the 1950s, the channel of Sdo Jodo River and some of
its tributaries have been extensively modified in order to
drain its flood plain (due to the increasing cases of malaria
and yellow fever), in order to allow irrigated agriculture to
take place and to allow the construction of the Federal
Highway BR-101. During the 1970s and 1980s, the channel
modifications were resumed in order to allow the Jutur-
naiba Reservoir to be constructed. As a consequence of this
work, the Sao Joao River is 52% smaller in extension than
its original shape (Cunha 1995). The average flow rate of
Sdo Jodo River has been affected by the presence of the
Juturnaiba Reservoir and is now 64.4 and 39.3 m®s™'
upstream and downstream of the reservoir, respectively
(INEA 2014). The upper reaches of the Sdo Jodo River are
characterized by valleys with steep sides, which extend
down the alluvial plain on which the Juturnaiba Reservoir
is situated. This reservoir is located in the Silva Jardim
municipality and covers an area of about 32 km? with a
maximum depth of 11 m. Before the Juturnaiba Reservoir
construction, it had an area of 6 km? (reaching 8 km? in
rainy season) and a maximum depth of 4 m (INEA 2012).
One of the concerns of this newer and larger surface water
reservoir is the markedly increase in the aquatic plants
infestation, which is seen as a nuisance more than a threat.
However, one of the relevant problems that can be occur-
ring with the water hyacinth (Eichhornia crassipes (Mart.)
Solms) infestation in the Juturnaiba dam is the increased
rate of evapotranspiration (Benton et al. 1978).

The weather in the studied region is wet, with annual
average temperatures ranging between 22.1 and 22.9 °C
and a rainfall regime characterized by concentrated rains in
the wet season (from October to March, reaching 1560 mm
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in average accumulated rains between 2007 and 2014) and
drier weather in the dry season (from April to September,
reaching 469 mm in average accumulated rains between
2007 and 2014—source: hidroweb.ana.gov.br; access on
26/06/2015).

The study area is located on the Fluminense Plain and is
characterized by three main geomorphological features: (1)
trays and cliffs, characterized by the Barreiras Formation,
which altitudes can range from the sea level to 80 m high; (2)
low rounded hills, carved in gneissic rocks (the Lagos Region
Complex), with altitudes ranging from 10 to 100 m high; and
(3) sandbanks and alluvial plains from the Sdo Jodo River and
its main tributaries, ranging in altitude from sea level to 10 m
high (Reis 1998; Coe et al. 2007). Those plains are low gra-
dient depositional surfaces, formed by coastal marine sedi-
mentation (Suguio 2003). The soils from the studied area are
conditioned by the climate, presenting shallow soil profiles
close to the coastline with dry weather (colluvial and alluvial
soils) and deep soils profiles surrounding the transitions
between the craggy mountains and the plains with wetter
weather (latosols and clay soils) (Coe et al. 2007).

1 Regido dos Lagos Complex

- Silva Jardim Granite

E Paraiba do Sul Complex

- Sao Jodo Alkaline Complex 6

Concerning the regional geology (Fig. 2; Leite et al.
2004), the area displays the Quaternary alluvial deposits
(fluvial-lacustrine and coastal deposits) inserted among
three main geological complexes: the Lagos Region
Complex (Fonseca 1993), Paraiba do Sul Complex (Cam-
pos Neto and Figueiredo 1990; Valladares 1996) and
Buzios Complex (Schmitt 2001). The Lagos Region
Complex (Paleoproterozoic, ~1.98 Gy) is formed by
granites and granodiorites, constituting the main part of the
crystalline basement in the study area. The Paraiba do Sul
Complex (Neoproterozoic, ~1 Gy), which predominates
on the north and west of the study region, presents supra-
crustal units (siliciclastic and carbonate metasediments),
ranging from moderate to high metamorphic grade
(paragneiss, schist and marble). The Buzios Complex
(Neoproterozoic, ~1 Gy) shows the same spatial disposi-
tion of Paraiba do Sul Complex (north and west of the
study region), however, displaying a narrow stretch of the
area and represents supracrustal units associated with
mafic/ultramafic rocks (mainly amphibolites). Those geo-
logical units are arranged in the preferential direction of
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Fig. 2 Geological features of Sdo Jodo River Drainage Basin
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NE-SW and have been subject to several phases of
deformation related to the Brasiliano Cycle (Late Neo-
proterozoic to Early Cambrian, from 605 to 540 My—
Schmitt 2001). Some other important geological units are
found in the study area, including the Silva Jardim granite
(Cambrian I-type granite, 505 My; Moraes 2009), and the
Sdo Jodo Alkaline Complex (Cretaceous, ~ 65 My),
composed of nepheline-syenite, gabbro and phonolite
(Mota et al. 2009).

The Quaternary coastal sedimentation of Cabo Frio
Region is represented by the Sdo Jodo River flood plain and
its tributaries. The Quaternary deposits (Pleistocene and
Holocene) are composed of continental sediments (fluvial
and swamp environments); sandy sediments from pale-
ochannels (fluvial environment); lacustrine and bottom bay
sediments (clay sediments); and sandy coastal marine
sediments. The latter described sediment deposit displays
aligned beach ridges morphology, locally reworked by
eolian action (dunes area) (Martin et al. 1997).

The Quaternary sediments also comprise the main
aquifer system of the studied region, which are underlain
the fractured rock aquifers in the crystalline basement. The
porous-medium aquifers are formed by the heterogeneous
alluvial and coastal sediments, which are constituted
mainly of medium to fine sand (quartz composition) and a
minor percentage of silty sand and clay sand. Furthermore,
the porous-medium aquifer is unconfined and the water
table varies according to rainfall season, ranging from 5
(dry season) to 10 m (wet season). The fractured aquifer
behaves as a semi-confined aquifer in the most portion of
the area and has a poor hydraulic connection with porous
aquifer (Almeida et al. 2004; Silva Jr. 2005).

Methodology

This study was carried out by the monitoring of 7 sampling
stations: namely three stations on the three rivers before
debouch into Juturnaiba Reservoir (P1, P2 and P3); three in
the reservoir (P4, P5 and P6); and one in the outflow of the
reservoir (P7 during the period between March 2010 and
May 2011 (Fig. 1). In the sampling stations located in the
Juturnaiba Reservoir (P4, P5 and P6), the procedure was to
obtain samples in the surface, middle and in the bottom of
water column.

The samples were filtered through 0.45-pm filters and
then divided into two aliquots for major ions and trace
metals analysis. Samples for metal analysis were acidified
with double-distilled nitric acid. Analyses for major ions
(Ca*t™, Mg™", Na®, K™, NH, ", F~, ClI", NO;~, PO,*~ and
SO04*7) were carried out by ion chromatography (850
Professional IC, Metrohm). An unacidified 1 L sample was
collected for alkalinity (HCOs;™) determination, and the

concentrations were obtained by using titration. Trace
metal (Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sr, V
and Zn) determinations were carried out by ICP-MS
(XSERIES 2, Thermo Fisher Scientific). Suspended par-
ticulate material (SPM) was quantified using a gravimetric
method where the samples were filtered in situ with pre-
vious weighted 0.45-pum cellulose acetate filters. In the
laboratory, those filters were totally dried and then weighed
again, giving a result in mg 17"

The pH, temperature and electrical conductivity (EC)
determinations were measured using a multi-parameter
meter (HI9828, Hanna Instruments) at the time of water
sampling. The geochemical model PHREEQC (Parkhurst
1995) version 2.15 was used to carry out mineral equilib-
rium and dissolved species calculations.

The analytical precision for water samples was calcu-
lated by assessing the degree of variability of results for
duplicate analytical samples, which were below 15% for all
analyzed metals. Analytical blanks were used for each
6-sample batch. The accuracy of measurements was
determined with the reference material SPS-SW1 provided
by LGC (UK), and the results indicated a satisfactory
recovery ranging from 80 to 90%.

Results

In order to better understand the geochemical dynamics of the
river, the fluvial system will be divided in three main com-
partments (Fig. 3): (1) the rivers sampling stations, located,
respectively, in the Sdo Jodo (P1), Capivari (P2) and Bacaxa
(P3) Rivers; (2) the Juturnaiba Reservoir sampling stations,
next to the mouth of the rivers in the Juturnaiba Reservoir (P4,
P5 and P6); and (3) the Juturnaiba Reservoir outflow sampling
station (P7). Table 1 presents the physicochemical and
chemical data from water samples collected in the dry and wet
seasons for the three fluvial compartments, and Figs. 4, 5 and
6 show the variations of the physicochemical parameters and
each analyzed majorions and trace metals during the sampling
period for the three fluvial compartments. It is important to
know that the physicochemical parameters values and ions
concentrations from Juturnaiba Reservoir compartment
samples found in Table 1 are the median value from surface,
middle and bottom water samples.

Among the physicochemical parameters, pH shows only
small variations in the three rivers and remains almost
constant in the Juturnaiba Reservoir sampling stations and
also in the Juturnaiba outflow. In all three compartments,
there is a suddenly decrease in the pH values in March
2011 and it could be associated with high rainfall for that
month. However, in the Juturnaiba and the outflow sam-
pling stations, there is an abruptly rise of pH value
(reaching 8.9) in June 2010, which could be explained by
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Fig. 3 Distribution of the sampling stations, characterizing the three fluvial compartments

the influence of sewage, represented by the high concen-
trations of PO, and NOj3; measured in that month (mainly
from the Séo Jodo River, P1), to the low rainfall and to the
high evapotranspiration in the Lagos Region (INEA 2012),
besides considering that 20% of the reservoir surface is
covered with water Hyacinth (Benton et al. 1978). The EC
values for all compartments are low and are generally
<100 pS cm™'. The main changes in the behavior of this
parameter occurred in the transition of the summer to the
winter 2010 when the values stabilize. The higher EC
values (>100 puS cm™') are obviously found in the Jutur-
naiba sampling stations, where the dissolved water com-
ponents get higher due to the less turbulent and closed
environment of the reservoir.

The SPM shows the expected behavior for the rivers
compartment: that is, higher suspended particle loads
occurred during high rainfall period and lower loads were
measured in the low rainfall period. Nevertheless, the SPM
levels in the Juturnaiba compartment showed apparently
random fluctuations, which suggests that the reservoir may
receive suspended sediments from other sources which
were not measured in this study such as some parts of the
reservoir borders. The borders are constituted by exposed
soil profiles, and the erosional process in the reservoir
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could be less dependent from the wind and rainfall regime,
reflecting in the SPM behavior in the outflow sampling
station (P7).

Concentrations of the major ions, Na, K, Ca and HCO3,
showed little variability up to January 2011 in the rivers
and Juturnaiba compartments, while Mg varied greatly
during this period in those compartments, mainly in the P3.
Conversely, Cl and SO, presented significant variations on
their concentrations in the rivers compartment up to Jan-
vary 2011, and similar in the reservoir and Juturnaiba
outflow compartments. Most of those ions presented a
noticeable sudden decrease in their concentrations in
February 2011 followed by a rapidly rise in March 2011,
particularly in the rivers compartment. This suggests that
rainfall events can exert a large influence on water quality
in the basin, where dissolved constituent concentrations
increase during high rainfall events due to flushing of the
watershed. Another relevant observation was the sudden
decrease in K, Mg and HCOj in July 2010 in Bacaxa River
(P3), which suggests ion exchange was occurring by the
river sediments and SPM. The ion F presents the most
different behavior of the major ions. It shows a stable be-
havior along whole sampled period in P3 but significant
variations in P1 in the rivers compartment. On the other
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«Fig. 4 Variations of the physicochemical parameters, suspended
particulate material (SPM), Na, K, Ca, Mg, CI and SO, along the
sampling campaign in the three fluvial compartments

hand, in the Juturnaiba sampling stations there is an
inversion of F concentrations, the higher ones are found in
P4 (Sdo Jodao River outflow) and the lower ones in P6
(Bacaxa River outflow). This behavior could be due to the
anthropogenic source (sewage disposal) from some dis-
tricts located surrounding the Juturnaiba Reservoir.

Among the analyzed macronutrients, NH, concentrations
display similar trends in the three fluvial compartments: the
concentration of this constituent increased during the rainy
period of 2011, showing the influence of the pluviometry
regime in its behavior. The high concentrations of NHy
measured in March 2010 in the Juturnaiba Reservoir com-
partment may be linked to the accumulation of this ion that
comes from the rivers load and from the surrounding sewage
disposal. Nitrate has almost similar behavior among the river
compartment sampling stations, while in the Juturnaiba
compartment it displays two highest concentrations peaks in
P4 (Sao Joao River outflow) in June and September 2010,
which could be due to the sewage disposal allied with NH,
oxidation, and this sampling station, as in many parts of the
reservoir, has a great growth of aquatic plants (water hya-
cinth). PO, displays a behavior that seems to be influenced by
the pluviosity in the rivers compartment, while in Juturnaiba
sampling stations it presents the highest concentrations,
probably due to the same factors of the N species behavior:
the P accumulation by rivers discharge and the sewage dis-
posal in the Juturnaiba Reservoir.

Concentrations of the trace metals Al and Fe also have
similar behavior in the three compartments. In natural waters,
Al and Fe have their availability controlled by the water pH
(hydrolysis reactions) and the pH behavior corroborates par-
tially this hypothesis. The other important controlling factor of
Al and Fe availability is the pluviosity, presenting higher
concentrations in dry season and lower ones in wet season, i.e.,
the dilution factor imposed by the rainfall. It is noticeable the
highest concentrations of Al and Fe in the Juturnaiba Reser-
voir sampling stations, and it could be also related to the
accumulation by rivers discharge in the reservoir. However,
for Al, there is another source in Juturnaiba: the discarding of
Al by the three water treatment plants, which is disposed
directly in the reservoir, growing up the Al concentrations,
mainly in the periods of low rainfall. Mn displays its behavior
similar to the SPM and, consequently, also controlled by
pluviosity, in the rivers compartment, while in the Juturnaiba
Reservoir sampling stations the concentrations have no sig-
nificant variations, showing the P6 (Bacaxa River outflow)
with the highest concentrations.

The metals Cr, V and Co present similar behavior in
rivers compartment as well as in the Juturnaiba

compartment, and the behavior of each metal between
these compartments is also very similar. The concentra-
tions variation observed for these metals between March
and November 2010 could be related to the pluviosity and
ionic exchange event in the bottom and suspended sedi-
ments. Those similar metals behavior could be linked to the
geological features of the study area, suggesting the
influence of mafic/ultramafic rocks (high background
concentrations for those metals) or some minerals which
contain these metals, like magnetite and ilmenite. Con-
versely, Ni, which is also related to the mafic/ultramafic
rocks, has opposite behavior from Cr, V and Co, showing
its highest concentrations between March and November
2010 and a decrease between December 2010 and May
2011, both in rivers and Juturnaiba compartment. This fact
suggests other source for Ni, like application of fertilizers
(impurities from the manufacture processes) and pesticides
(part of the active compounds) in different types of plan-
tations along the drainage basin (Gimeno-Garcia et al.
1996). Cu and Zn also have similarity to Ni behavior in
both rivers and Juturnaiba compartments, but Zn presents
its highest concentrations in March 2011 (P1 and P2, in
high rainfall period) in the rivers compartment. Although
Pb also presents a similar behavior to Cu, Zn and Ni in the
rivers compartment, it changes in the Juturnaiba and the
Juturnaiba outflow compartment, highlighting the sudden
decrease in its concentrations in March and September
2010 (P4 and P6) and coinciding to the two highest con-
centration peaks of NO;. This fact suggests the Pb could be
scavenged by NOj3, forming Pb(NOj3),, which could be a
great concern for the aquatic biota, mainly fish (Mo-
hanambal and Puvaneswari 2013). In the study region,
there is a high probability of that Pb has as main source the
fertilizers and pesticides (Gimeno-Garcia et al. 1996).

Ba and Sr were expected to have a similar behavior due
to their geochemical affinity and, possibly, the same geo-
logical source (granitoid or carbonate rocks). However,
they present very different behavior in the three compart-
ments, suggesting diverse geochemical supergenic pro-
cesses (rock weathering) and also different sources
(regional rocks as well as anthropogenic source, mainly
pesticides). Analyzing separately each element, their
behaviors are also different between the three fluvial
compartments (i.e., the highest Sr concentrations occurred
in the rivers compartment during the dry season, while
highest concentrations occurred in the Juturnaiba com-
partments during the wet season). The opposite behavior
was shown by Ba in the same fluvial compartments.

The geochemical affinity between elements is well
represented by the chalcophile metals Cd and Sb which
behaved in a similar manner in the three fluvial compart-
ments. This suggests that these metals were derived from
the same source such as the oxidation of sulfide minerals. It
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«Fig. 5 Variations of HCO;, NO3, NH,, F, POy, Al, Fe, Mn and Cr
along the sampling campaign in the three fluvial compartments

is also possible that these metals were from pesticide use in
the watershed (Gimeno-Garcia et al. 1996). Concentrations
of these metals decreased in May, September and
November 2010 which suggests that these metals are
associated with some anthropogenic activities in the study
region rather than with rainfall which appears to be the case
for most the most of the trace metals analyzed.

In general, variations in major ion concentrations in the
watershed appear to be influenced by rainfall, whereas for
trace metal concentrations appear to be affected by their
availability from largely anthropogenic sources. Concentra-
tions of some major ions are probably also influenced by
anthropogenic activities like sand mining and the erosion of
river banks trigged by the agricultural activities (cattle
breading and several kinds of plantations). This also may be
the case for trace metals, which have strong relationship to
pesticides applications in the several plantations along the
rivers course. The behavior change of several metals and
physicochemical parameters among the river and Juturnaiba
compartments is obviously due to the change of limnologic
environment (from river to lake), besides some anthro-
pogenic activities that impact behavior of some chemical
constituents, especially that of N species and PO,4. Con-
versely, the Juturnaiba outflow compartment samples (P7)
show almost the same behavior for most analyzed ions from
Juturnaiba compartment samples. The sampling stations P3
and P6, which represent, respectively, the Bacaxa River and
the Bacaxa River outflow in the Juturnaiba Reservoir, dis-
played for some ions behavior (Na, Cl, SO4, F, Al, Fe, Ni
and Co), a significant concentration discrepancy between
these two fluvial compartments, with higher concentrations
in the river compartment and lower ones in the Juturnaiba
compartment. It suggests that, although the contribution of
the rock weathering and anthropogenic activities, the
Juturnaiba Reservoir could dilute the rivers water con-
stituents, besides to provide exchange sites (clay minerals,
organic compounds, Fe and Mn oxides—hydroxides, etc.) for
some constituents and/or precipitate them in the sediments,
once reaching their hydrolysis pH (higher pH values in the
Juturnaiba compartment).

Discussion

Evaluation of the main influences of the water
chemistry from the Sao Joao River Drainage Basin

As shown in the results, the water chemical features in the
study region have three main influences: (1) the pluvial
regime; (2) the influence of the geological setting and (3)

the anthropogenic contributions. The pluviosity of the
studied region is an important control of the water con-
stituents due to the rainfall input in the wet season and the
high average temperature allied to the evapotranspiration
process in the dry season. These factors could exert control
on concentrations of dissolved chemical constituents
through concentration and dilution. Geological factors can
directly influence the stream water quality through rock
weathering (soils) and subsequent deposition in surround-
ing streams (sediments), in addition to the influence of
groundwater discharge (Hem 1985; Faure 1998). Addi-
tionally, anthropogenic activities including agricultural
land use and industrial and municipal wastewater disposal
are likely to be influencing water quality in the basin.
Those three main influences are likely to control the con-
centrations of water constituents (major ions and trace
metals) by pH and Eh variations. This control allows a
several geochemical processes to take place in the water,
including: metal adsorption by clay minerals, Fe and Mn
oxide/hydroxides and organic matter; the coprecipitation of
metals in the Fe and Mn oxide/hydroxides; and metals
complexation with water constituents such as humic acids
to form colloidal phases (Rose et al. 1979; Krauskopf and
Bird 1995; Drever 1998; McSween et al. 2003).

The dominant effect that rainfall could have on water
quality can be understood through the use of a Gibbs dia-
gram (Fig. 7), which shows the great influence of the plu-
viosity as most of the samples plot in the dilution dominance
field on the diagram and only a few samples plot in the rock
weathering dominance field for both the wet and dry sea-
sons. Although the dry season samples (mainly those from
rivers and Juturnaiba compartments) mostly plot in the
dilution dominance field, a significant proportion of these
samples also plot in the rock weathering dominance field
which might be the expected behavior. However, the wet
season samples display a small trend toward the rock
weathering dominance field, besides they present the high
number of samples in that field. It is noticed that even in wet
season (dilution process dominance), the samples show
influence from the geological materials and that behavior is
comparable to the major ions (Na, K, Ca and HCO3), cor-
roborating the hypothesis of the “washing” of the drainage
basin by rainfall, which concentrate water constituents from
rock weathering in those fluvial compartments.

The geological and anthropogenic contributions to
water quality in the basin can also be assessed by using the
Inorganic Chemical Index (ICI). Originally proposed by
Pacheco and Van der Weijden (1996) as “Pollution Index”
and modified by Huizenga (2011), the ICI determines the
percentage of the overall inorganic water chemistry that is
derived from all sources, excluding chemical rock weath-
ering (Pacheco and Van der Weijden 1996; Van der Wei-
jden and Pacheco 2006). This index takes into account the
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«Fig. 6 Variations of Ni, V, Co, Ba, Sr, Cu, Zn, Pb, Cd and Sb along
the sampling campaign in the three fluvial compartments
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Rivers

main anions related to several anthropogenic sources,
namely CI, NO3, SO4 and POy, mostly from agriculture and
sewage disposal, and HCO;, which is considered to be the
product of regional rock weathering. The equation, with the
charge corrected concentrations, is given by:

ICL(%) = ([CI] + [NOs] + 2[SO4] + 3[POy])
/([C1] + [NO3] + 2[SO4] + 3[POy] + [HCO3))

For example, an ICI value of 30% means that 70% of the
cations are derived from chemical weathering and 40% are
derived from alternative sources (Van der Weijden and
Pacheco 2006). Thus, the use of fertilizers will increase the
concentrations of orthophosphate, nitrates and sulfate rel-
ative to bicarbonate, consequently increasing the inorganic
chemistry index. The maximum and minimum ICI values,
which characterize the weathering dominated rivers and the
non-weathering dominated rivers, were calculated based on
the data set from Gaillardet et al. (1999), where 62 world
rivers were assessed. Of those 62 rivers, 53 were assessed
as being weathering dominated, having a median ICI of
30%, and 9 were assessed to be non-weathering dominated
with a median ICI value of 70%. Thus, for this study, the
maximum ICI value was >70% and the minimum <40%.

Figure 8 shows the ICI values variations during the
sampled period in the three fluvial compartments. As

indicated in Fig. 8, high ICI values were observed at the
end of wet season 2010 which decreased in the dry season
2010 and rose again in the wet season 2011. This suggests
that “washing” of the drainage basin by rainfall increases
the concentrations of chemical constituents in water,
showing the important influence of pluviosity. The rainfall
could also be reason that the ICI of the study area does not
reach small values. This fact could be allied to the regional
geology of the studied region, which is predominantly
comprised of gneissic and granitoid rocks and does not
contain significant levels of carbonate rocks. It means that
granitoid—gneiss rocks have a slower dissolution rate and
lower solubility of their minerals compared to carbonate
rocks and the time to reach significant HCO5 concentra-
tions is shorter.

Another outstanding feature observed is degree to which
the ICI varies between the rivers and Juturnaiba compart-
ments in the P3 and P6 (respectively, Bacaxa River and the
Bacaxa River outflow in the Juturnaiba Reservoir sampling
stations). As indicated in the previous section, those sta-
tions have great differences of some major ions and metals
concentrations due to some hydrogeochemical processes
which may influence the ICI values in those sampling
stations. On the other hand, the ICI values may reveal the
anthropogenic contribution in some parts of the Juturnaiba
Reservoir. Comparing the three sampling stations in the
Juturnaiba compartment, it was expected the same behavior
of ICI values. Nevertheless, P4 and P5 keep high ICI
values, suggesting some influence of anthropogenic activ-
ities, mainly sewage disposal from the small villages next
to the reservoir and also the discarding of Al by the water
treatment station.

Figure 9 shows the [HCO;]/[Na] versus [Ca]/[Na]
mixing diagram also reported by Gaillardet et al. (1999),
which shows different fields of the main rock types, namely
silicates, carbonates and evaporite rocks. It is observed that
samples from the three fluvial compartments dominated by
rock weathering (ICI < 40%) are located close to silicate
rocks field, which is the main rock type of the study region
(granitoid—gneiss rocks). The majority of samples from the
three fluvial compartments dominated by anthropogenic
sources (ICI > 70%) are concentrated close to the evap-
orite rocks field, and this behavior is explained by the
relative high content of some water constituents, like CI,
S04, Na and NOj3, provided by the sewage disposal and
agriculture activities. It is important to notice that there are
no evaporite deposits next to the sampling stations, cor-
roborating, so, the sewage influence. The samples with ICI
values between 40 and 50%, which still represent major
rock weathering dominance, have almost the same behav-
ior of the ICI > 70% group, with most samples get close to
the silicate rocks. Conversely, the samples with ICI values
between 50 and 70% have a scattered behavior, reaching
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almost the three rock type fields, and this great variation is
pronounced in the samples from the rivers and Juturnaiba
compartments. This behavior could be the result of the
pluviosity influence, which could mix different sources of
the water constituents in the three fluvial compartments.

Trace metals speciation, implications of its toxicity
and control factors of their behavior

Among the water constituents in the Juturnaiba Drainage

Basin, the trace metals are of particular concern due to their
potential effects on aquatic biota and human health.

@ Springer

Environmental contamination resulting from the extensive
use of metals and semimetals in industry, agriculture, and
in manufactured products has increased the threat of toxi-
city for plants, animals and society (Sheoran and Sheoran
2006; Silva-Filho et al. 2014). However, significant con-
centrations of trace metals can also be provided from
geogenic sources (Rose et al. 1979; Silva-Filho et al. 2014).
In aqueous ecosystems, metals may be in dissolved phase,
complexed with inorganic and organic molecules as well as
in a suspended phase where they may be incorporated and
bioaccumulated in aquatic organisms (Forstner and Witt-
man 1983; Boniforti et al. 1988; Foster and Charlesworth
1996; Di Toro et al. 2001; Warren and Haack 2001).
Dissolved trace metals may be precipitated through
adsorption, which 1is controlled by physicochemical
parameters like pH, Eh and electrical conductivity (Car-
balleira et al. 2000; Arias et al. 2005; Marques et al.
2008, 2012). In the present study, hydrogeochemical
modeling was carried out in order to verify the main con-
trol factors of trace metals availability in dissolved form.
The trace metals assessed in this study were Cd, Cr, Cu, Ni,
Pb, Sb and Zn, which may be derived from both natural
(geology) and anthropogenic sources in the watershed.
Nevertheless, as shown in the previous sections, Al could
also be considered a great concern, mainly in Juturnaiba
Reservoir, due to the disposal of some coagulant sub-
stances (aluminum sulfate) in Juturnaiba Reservoir by
Water Treatment Station. For that proposal, the PHREEQC
hydrochemical modeling program was used, giving infor-
mation about the main trace metals dissolved species and
the possible mineral phases to be formed, given their sat-
uration indices (SI).

Tables 2 and 3 show the main dissolved species and the
probable amorphous solids of the analyzed trace metals on
the three compartments and the respective trace metals
concentrations of the probable effect level (PEL) for
freshwater, provided by CCME (1995). This geochemical
modeling was based on the median values of the physic-
ochemical parameters and ions concentrations from each
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Table 2 Main dissolved species and probable amorphous solids for Al, Cd, Cr, Cu and Ni in the three fluvial compartments

Rivers compartment Juturnaiba Reservoir compartment Juturnaiba outflow compartment PEL?

Dry (%) Wet (%) Dry (%) Wet (%) Dry (%) Wet (%)

season season season season season season
Al (ug17h 37.64 17.50 105.75 41.34 40.25 22.29 100
Al 1.16 3.08 0.81 4.63 0.25 0.24 0.54 1.31 0.02 0.05 0.11 0.49
AIOH™? 1.97 523 1.04 5.94 0.33 0.31 1.00 242 0.05 0.12 0.18 0.81
Al(OH)F 15.38 40.86 4.90 28.00 12.33 11.66 6.47 15.65 3.35 8.32 3.11 13.95
Al(OH); 7.56 20.09 2.08 11.89 14.74 13.94 3.39 8.20 4.99 1240 1.87 8.40
Al(OH)y 10.88 2891 8.03 4589  77.89 73.65 29.44 7121 31.82 79.06 1691 75.86
AISO4 0.55 1.46 0.48 2.74 0.17 0.16 0.37 0.90 0.02 0.05 0.11 0.49
Al(SOy)> 0.14 0.37 0.16 0.91 0.04 0.04 0.13 031 - - - -
Cd (ug17h 0.12 0.49 0.10 0.43 0.05 0.42 0.09
cd™ 0.12 100.00 0.49 100.00 0.10 100.00  0.43 100.00 0.05 100.00 0.42 100.00
Cr(3 (ugl™ 022 0.76 0.24 1.04 0.19 0.86 8.9
Cr(OH)F 0.15 68.18 0.48 63.16 0.20 83.33 0.84 80.77 0.19 100.00 0.66 76.74
Cr(OH)™ 0.07 31.82 0.28 36.84 0.04 16.67 0.20 19.23 - - 0.20 23.26
Cu(2 (ugl™ 583 8.94 5.69 6.50 2.82 4.46 2
Cu™? 5.11 87.65 7.62 8523  4.29 75.40 4.94 76.00 2.10 7447 350 78.48
CuOH* 0.31 5.32 040 4.47 0.75 13.18 0.43 6.62 0.40 14.18  0.36 8.07
CuHCO;* 0.03 0.52 0.10 1.12 - - 0.10 1.54 - - - -
CuCOs; 0.29 497 0.72 8.05 0.58 10.19 0.96 1477 0.22 7.80 0.60 13.45
CuSO, 0.09 1.54 0.10 1.13 0.07 1.23 0.07 1.07 0.10 3.55 - -
Ni (ug 17 5.57 7.52 1.99 434 1.23 2.69 25
Nit2 5.39 96.77 17.29 96.94 1.95 97.99 4.11 9470 1.23 100.00 2.61 97.03
NiHCO;" 0.08 1.44 0.23 3.06 0.04 2.01 0.16 3.69 - - 0.08 297
NiSO, 0.1 1.80 - - - - 0.07 .61 - - - -

4 Freshwater probable effect level (CCME 2002)

sampling stations, in the dry and wet seasons. It is noticed
that Al, Cr and Sb display their main dissolved species as
product of hydrolysis reactions, namely Al(OH); and
AI(OH)F for Al; Cr(OH)F and Cr(OH)2+ for Cr; and
SbO5;~ for Sb. Those metals are likely to be complexed
with humic acids and others organic compounds in the
water column, as well as associated, colloidal Fe/Al oxi-
des—hydroxides (Allard et al. 2004). Still for Al, there is a
little percentage related to sulfate species. Cd, Cu, Ni, Pb
and Zn present as main dissolved species their non-com-
plexing forms (monomeric forms), namely Cd*", Cu*™,
Ni”, Pb>* and Zn®*. The control of their secondary dis-
solved species ranging between bicarbonate/carbonate
complexes, hydrolysis reactions products and a little per-
centage is related to sulfate complexes. Nevertheless, the
bicarbonate/carbonate complexes predominate due to the
geochemical affinity of those metals to carbonate minerals
(Krauskopf and Bird 1995; Faure 1998).

As seen in the last section, it is observed that the high
rainfall (wet season) is responsible for the highest

concentrations of most trace metals. By contrast, the
highest concentrations of dissolved Al occurred in the dry
season, probably due to the groundwater discharge influ-
ence in the baseflow of the rivers. However, the behavior
presented by the trace metals in dry and wet season does
not change the predominance of the main forms of trace
metals dissolved species. It is also noticed that the pH
values rise from the rivers compartment to Juturnaiba
outflow compartment, suggesting the predominance of
some species produced by hydrolysis reactions. In contrast,
the bicarbonate/carbonate species is found more abundant
in the rivers compartment, where the weathering processes
are more intense. Sulfate species are also predictable in the
studied waters; nevertheless, those species are more pro-
nounced in acidic aquatic environments, with pH values
<4.5, as environments with massive sulfide oxidation
processes, like acid mine drainage and organic matter-rich
aquatic environments (Eary 1998; Marques et al. 2012).
Observing the median concentrations of the analyzed
trace metals, Al, Cd, Cu, Pb and Zn present concentrations
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Table 3 Main dissolved species and probable amorphous solids for Pb, Sb and Zn in the three fluvial compartments

Rivers compartment Juturnaiba Reservoir compartment Juturnaiba outflow compartment PEL?
Dry (%) Wet (%) Dry (%) Wet (%) Dry (%) Wet (%)
season season season season season season
Pb (ug17h 2.61 5.88 2.80 4.99 1.53 4.00 1
Pb* 2.18 83.52  4.59 78.06 2.15 76.79 3.59 71.94 1.17 7647 3.03 75.75
PbOH* 0.14 536  0.20 340 0.32 11.43 0.22 442 0.25 16.34  0.22 5.50
PbHCO;" 0.15 575 0.70 11.90 0.12 4.29 0.73 14.63 - - 0.41 10.25
PbCO; 0.09 345 0.26 442 0.15 5.36 0.35 7.01 0.11 7.19 0.23 5.75
PbSO, 0.05 1.92 0.13 221 0.06 2.13 0.10 200 - - 0.11 2.75
Sb (5) 0.33 0.35 0.31 0.35 0.30 0.34 -
(ng17h
SbO5;™ 0.33 100.00  0.35 100.00 0.31 100.00 0.35 100.00 0.30 100.00 0.34 100.00
Zn (ug 17 419 75.13 27.76 42.84 17.78 22.87 30
Zn*? 41.32 98.62 73.76 98.18 27.27 98.23 4193 97.88 17.49 98.37 2248 98.29
ZnOH* 0.07 0.17 0.14 0.19 0.17 0.61 0.13 0.30 0.11 0.62 0.07 0.31
ZnHCO;™" 0.11 0.26  0.49 0.65 0.07 0.25 0.33 0.77 0.07 0.39 0.12 0.52
ZnCOs3 0.06 0.14  0.07 0.09 - - 0.09 021 - - - -
ZnSOy4 0.34 0.81 0.67 0.89 0.25 0.90 0.36 0.84 0.11 0.62 0.20 0.88

# Freshwater probable effect level (CCME 2002)

above the PEL, particularly Cd, Cu and Pb, which have
their median concentrations above the PEL for the dry and
wet seasons in almost all fluvial compartments. This is of
great concern considering that those trace metals have the
potential to be incorporated in aquatic organisms, which
are bioaccumulated along the food chain, potentially
affecting public health through the consumption of organ-
isms with high metal concentrations. The predominant
monomeric forms presented by Cd, Cu, Pb and Zn, besides
the oxides/hydroxides forms, are more reactive to meta-
bolic processes of aquatic organisms (Alpers and Blowes
1994; Baird 1998). The hypothesis of nitrate species for-
mation for Pb (Pb(NOs),) in the Juturnaiba Reservoir
compartment showed incongruent reactions by the hydro-
chemical modeling and, consequently, presenting very low
concentration of this species.

Nevertheless, Al behavior could be of more concern due
to the direct action on aquatic organisms, especially the fish
populations. The Juturnaiba Reservoir compartment, par-
ticularly, presents the highest median Al concentration in
dry and wet seasons. This important water reservoir is also
a recreational area, with more than 6 fish species, which are
appreciated in sport fishing. The toxicity of Al to fish is
primarily due to effects on osmoregulation by action on the
gill surface (McDonald et al. 1989). CCREM (1999) points
out that the limit of Al to aquatic life is about 100 pg 17",
in pH values <6.5, which could affect the fish species in the
reservoir. The monomeric species AI(OH)F, Al(OH)jL2 and
still AI(OH); in freshwater are more reactive at cell
membrane surface of aquatic organisms than polymeric

@ Springer

forms and organically bound Al (Baird 1998; Camilleri
et al. 2003; Gensemer and Playle 1999).

Trace metals can be removed from the water column by
secondary mineral precipitation (e.g., as carbonates or
hydroxides), coprecipitation or sorption onto organic mat-
ter (OM) or surface-reactive iron (oxyhydr) oxides that
form following oxidation of ferrous iron (Balistrieri et al.
2003; Dzombak and Morel 1990; Espafia et al. 2005;
Hochella et al. 2005).

In order to verify the hydrogeochemical control of trace
metals dissolved species, the saturation indexes (SI) of
some secondary minerals were calculated. Those minerals
have a high probability of formation according to the
concentration range of their constituents. Mineral equilib-
rium calculations for a water sample are useful to predict
the presence of precipitating minerals in aqueous systems
(Deutsch 1997; Eary 1998; Marques et al. 2012). The
saturation index is given by SI = log(IAP/Ksp), where IAP
is the Ionic Activity Product of the ions present in a given
mineral and Ksp is the solubility product, which is a con-
stant of the given mineral. Two minerals groups were
chosen for each analyzed trace metal, while one represents
the product of reactions with carbonate or sulfate, the other
represents the hydrolysis reactions product. These minerals
groups were chosen according to the rocks predominance
in the fluvial compartments, which influence the water
chemistry. Thus, for Al, the chosen minerals were basalu-
minite (Al4(OH),(,SO4) and gibbsite (AI(OH);3); for Cd,
otavite (CdCOs3) and Cd(OH),; for Cr, only the amorphous
chromium hydroxide (Cr(OH);) was indicated by the
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Fig. 10 Saturation indexes (SI) of the chosen minerals for Al, Cd, Cu and Cr in function of pH range from the three fluvial compartments in dry

and wet seasons

modeling; for Ni, NiCO3z and Ni(OH),; for Pb, cerussite
(PbCO3) and Pb(OH),; and for Zn, smithsonite (ZnCO3)
and zincite (ZnO). For the Sb, there is no secondary min-
eral formation indicated for this metal in its oxidation state
(valence 5) by the geochemical modeling.

As it is likely that geochemical factors such as pH and
Eh exert a strong control on the availability of some
chemical constituents in the water column (Hem 1985;
Foster and Charlesworth 1996; Drever 1998), it is likely
that these factors also influence SI values (Marques et al.
2012). For example, Jones et al. (2004) showed in a river
experiment that pH (which is hugely regulated by photo-
synthesis) controls Zn and As availability and consequently
SI values. Figures 10 and 11 display the SI values for the
chosen minerals versus the pH values for each sample in
dry and wet seasons. From the 8 analyzed trace metals,
only Al, Cu and Cr could reach the equilibrium condition
(ST =0), and only Al and Cu reached the saturation
(SI > 0) and supersaturated zone (SI > 1), i.e., the sec-
ondary minerals for those metals could be precipitated
from the solution. Excepting for Al, all minerals SI values
show a positive trend with pH in both the dry and wet
seasons, indicating the great chemical control this

parameter has on the mineral species formation in all flu-
vial compartments. SI values for almost all chosen minerals
vary greatly during the wet season and there is a great
range of pH values and there is a much less scattered
distribution of SI values and lower range of pH values
during the wet season. This could be due to the influence of
the relative high regional evapotranspiration rate and
temperatures in the dry season and the dilution factor
(higher flow rate) in the wet season.

For Al, both minerals reach high SI values, being
gibbsite with almost the entire samples above the equilib-
rium zone for dry and wet seasons. The basaluminite has
the higher SI values in dry season for the rivers compart-
ment, while in wet season the higher SI values for this
mineral are found for Juturnaiba Reservoir compartment
samples. The scattered behavior observed for basaluminite
is due to the great variations of SOy, suggesting diffuse
sources for the surface water chemistry. For Cu, Cr and Ni,
the hydrolysis product minerals, respectively, cuprite,
Cr(OH), and Ni(OH),, have the highest SI values in both
dry and wet season, while for Cd and Pb, the carbonate
minerals dominate the highest SI values in both seasons. Zn
displays zincite (hydrolysis product) with highest SI values
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Fig. 11 Saturation indexes (SI) of the chosen minerals for Ni, Pb and Zn in function of pH range from the three fluvial compartments in dry and

wet seasons

in dry season and smithsonite (carbonate) in wet season.
Therefore, the SI data for Cd, Pb and Zn corroborate the
predominance of the carbonate/bicarbonate dissolved spe-
cies along the three fluvial compartments, due to their
geochemical affinity with carbonate minerals.

The predominance of the Juturnaiba Reservoir com-
partment samples with the highest SI values for almost all
minerals in both dry and wet seasons shows that the
environment of Juturnaiba Reservoir gives better condi-
tions to mineral formation, as low turbulence, high evap-
otranspiration rate and relative high temperature for both
seasons.

Conclusions

Anthropogenic activities in the Sdo Jodo River Drainage
Basin impact directly on water quality, as seen by some
trace metals concentrations. The main control factor of the
water chemistry is the regional pluviosity, which can
concentrate and dilute the water constituents, depending on
the analyzed ion and the predominance of the

@ Springer

anthropogenic activity. Although the three fluvial com-
partments displayed different features, like differences in
mean flow rate, geology and human activities, many
chemical constituents showed similar behavior in different
parts of the watershed, particularly trace metal concentra-
tions. The ICI values corroborate the great influence of
pluviosity through the drainage basin by “washing” by
rainfall (higher flow rate for this period). However, the use
of ICI values for some proposal, like linking water chem-
istry to rock composition, could bring to some incorrect
interpretations, as seen by the ICI > 70% samples in the
mixing diagram.

Excepting Cr and Sb, all trace metals present concen-
trations higher than the PEL, mainly Cu and Pb, which
present those concentrations in both dry and wet season.
However, the Al concentrations in Juturnaiba Reservoir are
of concern due to the potential effects on the aquatic biota.
The main dissolved species of trace metals are the non-
complexing forms, followed by oxides/hydroxides and
carbonate/bicarbonate forms. The SI data show that the
hydrolysis reactions regulate the most trace metals avail-
ability in the three fluvial compartments in both dry and
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wet season, followed by carbonate and sulfate complexa-
tion. That hydrogeochemical modeling information cor-
roborates that the pH range is the main control factor of
metal availability in the studied waters, as seen the pre-
dominance of dissolved species and the indicated minerals.
Even some trace metals do not present SI values in satu-
ration zones, like Cd, Ni, Pb and Zn; it is important to show
that the saturation index, together with some physico-
chemical data, can give valuable information about
chemical control of trace metals, which has direct influence
on their availability.
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