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ABSTRACT

Approximately 40% of the volume of domestic sewage generated in the Sao Paulo State is untreated and
released into water bodies, causing serious pollution problems that affect the water quality and espe-
cially the suspended sediments transported by rivers. Thus, this paper investigates the seasonal influence
on the origin and fluxes of Cu, Co, Cr, Zn, Cd, Ni, Sc and particulate organic matter (POM) in sediments
transported by a disturbed watershed in the Sao Paulo State, i.e. the Sorocaba River basin. POM was
characterized using particulate organic carbon, particulate organic nitrogen, C:N ratio and 3'3C and 3'°N
stable isotopic composition. Eight sample collections of fine suspended sediments (FSS) were carried out
at the mouth of the Sorocaba River from July 2009 to May 2010. During the study period, the discharge
rate followed the seasonal variation trend of the past 25 years. Zn was the most abundant trace element
in the FSS, followed by Cr, Cu, Ni, Co, Sc and Cd. There was a higher concentration of trace elements
during the dry season, except for Sc and Co, which did not vary seasonally. The POM showed the same
trend, with higher concentrations during the dry season. The calculated enrichment factors and geo-
accumulation index indicated that most of the trace elements are of geogenic origin, except for Zn, which
showed significant anthropogenic contributions (55%). The elemental and isotopic analysis of C and N
and C:N ratio indicated that the anthropogenic origin of POM found in the FSS is related mainly to
domestic sewage (97%), while the significant correlation found between the concentrations of Zn and
POM indicates that the main anthropogenic source of Zn is related to this domestic sewage. The FSS load
transported during the study period was of 373,194 t y~!, of which 87% occurred during the rainy season.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

lithosphere, hydrosphere, atmosphere and living organisms. The
distribution, natural mobility and availability of these elements

Trace elements (elements with concentration lower than
1000 ppm) are naturally occurring in varying concentrations in the
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depend on the physical and chemical conditions and on the bio-
logical processes in the environment (Gaillardet et al., 2003;
Kucuksezgin et al., 2008). Since the beginning of the industrial
revolution, human activities have altered the geochemical cycle of
trace metals and increased their distributions in different envi-
ronmental systems. Soils and river sediments are the main re-
cipients in terrestrial and aquatic ecosystems (Viers et al., 2009). In
addition to other important sources (fertilizers and pesticides used
in agriculture), domestic and industrial wastewater discharges and
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the sludge from sewage treatment plants are the main sources of
trace metals in river water and groundwater (Nriagu, 1988).

Since the study of Martin and Meybeck (1979), which showed
that the composition of suspended matter transported by the
world's largest rivers, there has been a growing interest to estimate
suspended sediment transport in rivers and the elements/chemical
compounds associated with them (Horowitz, 2008; Walling, 2013).
Some studies stand out for using the comparison of a reference
geochemical background, through the calculation of enrichment
factors (EF) in bottom sediments (Alves et al., 2010; Amorim et al.,
2009; Cotta et al., 2006; Gaillardet et al., 2003; Harikumar and
Jisha, 2010; Hissler and Probst, 2006a, 2006b; Kendall and Doctor,
2003; Kersten and Forstner, 1995; Meybeck et al., 2007; Miller
et al., 2007; Mortatti et al., 2012; Mozeto et al., 2003; Nasrabadi
et al., 2010; Salomons and Forstner, 1984; Shotyk et al., 2000) as
well as in suspended sediments (Hissler and Probst, 2006a, 2006b;
Kucuksezgin et al., 2008; Mortatti and Probst, 2010; Ollivier et al.,
2011; Radakovich et al., 2008; Viers et al., 2009; Woitke et al.,
2003).

Particulate organic matter in river sediments is characterized as
a mixture from different sources (Barros et al., 2010; Berto et al.,
2013; Finlay and Kendall, 2007; Gao et al., 2012; Kendall et al.,
2001; Moreira-Turq et al., 2013; Sarma et al., 2012; Tamooh et al.,
2012) and its origin can be investigated by analyzing its C and N
stable isotopic composition (3'3C and 3N, respectively) and its C:N
ratio (Gao et al., 2012). For instance, the 3'>C isotopic composition
of various natural particulate organic matter ranges from —42
to —24°/o0 for phytoplankton, —32 to —22°/4e for terrestrial plants
of C3 photosynthetic cycle and —16 to -9°/oe for terrestrial plants of
C4 photosynthetic cycle, whereas 3°N and C:N ratios range
from —15 to +20°/ee and 5 to 8 for phytoplanktons and from +3
to +7°/eo and 15 to 50 for terrestrial plants of C3 and C4 photo-
synthetic cycle (Kendall et al., 2001). For the anthropogenic
contribution related to domestic sewage the §'3C, 3'°N and C:N
ratios range from —26 to —22°/oe, from +7 to +22°/¢0 and from 7 to
11, respectively (Barros et al., 2010; Gao et al., 2012; Mayer et al.,
2002). In Brazil, the few studies that have evaluated the origin
and fluvial fluxes of suspended sediment were conducted in the Sao
Paulo State (Alves et al., 2010; Cotta et al., 2006; Fernandes et al.,
2012; Mortatti and Probst, 2010; Mortatti et al., 2012). However,
none of these studies have associated suspended sediments to
particulate organic matter, with POM was only studied in the
Piracicaba River basin, also located in the Sao Paulo State (Krusche
et al,, 2002), and in the Guanabara Bay, in Rio de Janeiro State
(Carreira et al.,, 2002) and Babitonga Bay, in Santa Catarina State
(Barros et al., 2010).

Few studies have been carried out to explain the origin and flux
of trace elements and particulate organic matter in suspended
sediments in tropical watersheds, which can lead to an incorrect
interpretation. Thus, the main purpose of the study was to assess
the advantages of combined analysis of trace elements (Cu, Co, Cr,
Zn, Cd, Ni and Sc) with particulate organic matter (POM) - through
particulate organic carbon (POC), particulate organic nitrogen
(PON), the C:N ratio and the stable isotopes '>C and 3'°N — in order
to identify their natural and anthropogenic sources in a tropical
environment. In this context, the Sorocaba River basin is an ideal
study area, since this region is an important regional development
cluster in the Sao Paulo State, which has a population of 1.2 million
inhabitants and a diversified industrial park consisting of 1850
enterprises, where approximately 82% of urban wastewater dis-
charged directly into water bodies, without treatment (IBGE, 2010;
IPT, 2006). The results provide new insight into the relative
importance of combined analysis on the environmental impact
assessment related to different sources of trace elements and par-
ticulate organic matter in disturbed watersheds.

2. Characterization of study area

The Sorocaba River, the most important left bank tributary of the
Tieté River, runs 227 km northwest to its confluence with the Tiete
River (Fig. 1A). Located in the southeastern portion of the Sao Paulo
State, Brazil, between latitudes 23 and 24°S and longitudes 47 and
48°W, its drainage basin occupies an area of 5269 km? and covers 18
municipalities with a total population of approximately 1.2 million
inhabitants. The Sorocaba River basin has a diversified industrial
park that consists of about 1850 enterprises, particularly the textile,
mechanical, metallurgical, food, tanning sectors and sugarcane rum
mills (IBGE, 2010; IPT, 2006).

According to IPT (2006), the Sorocaba River basin has a Cwa
climate, i.e. hot and humid in summer and dry in winter, with an
average annual temperature of 18 to 22 °C. The monthly and annual
mean historical rainfall data between 1984 and 2008, obtained
from the DAEE (2010) for the Pluviometric station E4-019 (23°20'S,
47°41'W), located in the central region of the Sorocaba River basin,
showed that the average annual rainfall in the basin was 1243 mm,
in which January was the wettest (average of 243 mm) and August
the driest month (average of 27 mm) (Fig. S1A). During the study
period (July 2009 to May 2010), the rainfall was much higher than
the historical average (Fig. S1A), i.e., 2047 mm, in which the months
of January 2010 (458 mm) and June 2010 (27 mm) had the highest
and lowest rainfall, respectively.

The mean monthly discharge data for the Sorocaba River for this
same time period (1984—2008) were also provided by DAEE (2010)
for the Fluviometric station 4E-001 (23°01'S, 47°48'W), located at
the mouth of the Sorocaba River in the municipality of Laranjal
Paulista. The year of 1991 was the year with the highest average
discharge (100 m® s~1), coinciding with the highest rainfall index
(1622 mm) in these 25 years. February was the month with the
highest average discharge (127 m® s~ 1), while the lowest average
was in September (37 m?> s~ 1) (Fig. S1B), which is the month with
the least amount of rain, according to the rainfall data. Due to the
higher levels of rainfall in the study period, the average discharge
rate of the Sorocaba River (157 m> s~') was also higher than the
historical average (63 m> s~!), with the highest value in January
(358 m® s71) and the lowest in June (58 m> s ') (Fig. S1B). The
discharge showed a significant positive linear correlation for rain-
fall, either with the historical series data or for the study period
data.

The drainage basin of the Sorocaba River includes two
geomorphological units: Plateaus and hills of the east-southeast
Atlantic Ocean and Peripheral Depression of the eastern border of
the Parand Basin (Ross, 1996; Ross and Moroz, 1997). The first unit is
associated with metamorphic rocks belonging to the Sao Roque
Group and the Embu Complex and their associated granites. It is
made up of convex hilltops (altitudes ranging between 800 and
1000 m) and deep valleys (slope above 20%), which characterize a
high drainage density. The second geomorphological unit was
formed in the area where the rocks of the Parana Sedimentary Basin
protrude. It is formed by hills with tabular and large convex tops,
having predominant altitudes between 600 and 700 m and slopes
ranging between 5 and 10%.

The predominant soils in the drainage basin are Ultisols and
Oxisols, according to USDA (1999) nomenclature, corresponding to
Red Argisol (49%), Red Latosol (38%) and Red-Yellow Latosol (9%) in
the Brazilian soil classification (EMBRAPA, 2013; Oliveira et al.,
1999). The original vegetation that covered these soils was char-
acterized by forests, brushwood, fields, and lowland savanna
vegetation. However, most of the vegetation along this basin has
been removed for agricultural occupation and urbanization pro-
cesses. The land use in the Sorocaba River basin is currently occu-
pied by anthropogenic pastures and fields (77%), followed by areas
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Fig. 1. The Sorocaba River basin with the location of sampling point (A), highlighting the fluviometric (E4-001) and pluviometric (4E-019) Stations. View of the sampling location

during the dry season in July 2009 (B) and the rainy season in January 2010 (C).

with agricultural crops (14%), reforestation areas (3%), remnants of
natural vegetation cover (2%) and urban areas (4%) (IPT, 2006).

3. Materials and methods
3.1. Sample collection

Eight sample collections of suspended sediment were carried
out at the Sorocaba River mouth, in the municipality of Laranjal
Paulista, from July 2009 to May 2010. The study period covered all
stages of hydrograph: rising, high, falling and low waters of the
Sorocaba River (Fig. S1B). The fine suspended sediment concen-
tration (FSS, fine sediment fraction < 63 um) in the Sorocaba River
water at each collection was determined from 1000 mL of river
water, sampling at the main current axis, always 1.5 m deep, using a
simple stage sampler (Mortatti, 1995). After filtering 300 mL of
sample in 0.45 pm cellulose membrane previously dried and
weighed, and dried at 60 °C to constant weight, the FSS concen-
tration was quantified by the gravimetric method (APHA, 1999).

3.2. Chemical and isotopic analysis

The FSS samples for the chemical analyses were obtained by
pumping river water into polypropylene containers (30 L), always
at 1.5 m deep. After the decanting period of 7 days and draining the
supernatant, the sediments were recovered, air-dried at ambient
temperature and ground in an agate mortar, and the fine sediment
fraction (<63 pm) was separated by sieving with a nylon sieve. Each
sample was calcined at 1000 °C to eliminate the organic matter.
Next, the samples were submitted to chemical extraction by the
alkaline fusion method at 1000 °C for 30 min, with lithium tetra-
borate and lithium metaborate (2:1) in a platinum crucible doped
with gold (5%) (Samuel et al., 1985). After cooling, the molten ma-
terial was solubilized in 20 mL of HCI (1 M), under stirring and
heating (40 °C), and the volume was completed to 50 mL with ul-
trapure water of low electrical conductivity (lower than
0.02 uS cm™1). The purity of the chemical reagents was controlled
using analytical blanks, which were prepared only with lithium
tetraborate and lithium metaborate (2:1), following the same sol-
ubilisation method described.
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All samples were analyzed in triplicate and the chemical species
of interest were quantified by inductively coupled argon plasma
optical emission spectrometry (ICP-OES Optima 3000 DV), with the
following limits of determination for the trace elements (ug L™1):
Cu (5), Co (5), Cr (10), Zn (20), Cd (5), Ni (5) and Sc (10). The in-
ternational reference material Soil-7 of the International Atomic
Energy Agency (IAEA) was used for quality control and showed the
following average recovery percentage for extraction and analysis
in triplicate: Cu (94%), Co (95%), Cr (92%), Zn (103%), Ni (97%) and Sc
(98%). The Cu, Co, Cr, Zn, Cd, Ni and Sc discharge weighted averages
(Cpwa) were obtained according to Equation (1).

Cpwa :% (1)

where C; is the concentration in the sample i (mg L) and Q; is the
instantaneous discharge rate measured during the collection of the
sample i (m>s~1).

The percentage of particulate organic carbon (POC) and partic-
ulate organic nitrogen (PON) and their respective 3'>C and 3'°N
isotopic signatures were determined by gas chromatography using
an Automatic Nitrogen and Carbon Analyzer (ANCA-GSL Sercon
Hydra 20-20), with the direct combustion of FSS samples. The
stable isotope ratios (°/o0) were obtained through Equation (2). The
international PDB standard (Cretaceous carbonate fossil Bellemni-
tella americana from Peedee Formation in South Carolina, USA) and
the atmospheric N, were used for 3'3C and 3'°N (Barrie and Prosser,
1996), respectively. The standard deviations in the isotopic analysis
were 0.2°/4, for 313C and 0.3°/4, for 3'°N. The particulate organic
matter content was calculated by multiplying the POC by 1.72,
assuming that the carbon proportion in the average organic matter
composition is 58% for tropical and subtropical soils (Santos and
Camargo, 1999).

R .
oNE = (M—1)1000 2)

standard

where N is a heavy isotope of the element E and R is the abundance
ratio of the heavy to light isotopes (3C/!2C, >N/™N) of that
element.

3.3. Natural and anthropogenic sources

The calculation of enrichment factors (EF) relative to a natural
geochemical background has been used as a measure of
geochemical trends to compare areas and to identify trace element
origin (Harikumar and Jisha, 2010; Zhang and Liu, 2002) and
contamination (Miller et al., 2007; Woitke et al., 2003). Equation (3)
was used to calculate the EF in the Sorocaba River basin, using Sc as
the normalizing element, since it normally presents a conservative
behaviour over the time.

(Mi/sc)sample

EF — /2" sample
(M;/5€) g

(3)

where(M;/Sc)sample is the ratio between the concentration of the
trace element of interest (M;) and Sc in the FSS sample and (My/Sc)ref
corresponding to ratio between the concentration of the trace
element of interest (M;) and Sc of the reference geochemical
background used.

To assess the degree of pollution of the trace elements studied in
the Sorocaba River basin, the geoaccumulation index (Ige,) intro-
duced by Miiller (1979) was used (Equation (4)).

Igeo = 10g2'([M]sed/1'5~[M]background) (4)

where [M]seq is the concentration of trace element M in the FSS and
[Mlbackground is the concentration of the same trace element M in the
geochemical background reference.

3.4. Statistical analysis

Pearson correlation analysis was applied to establish the rela-
tionship between trace elements and particulate organic matter.
Another way to confirm the hypothesis that was suggested using
Pearson correlation analysis was to use two different multivariate
statistical approaches. The first methodology is the Cluster Analysis
(CA) in r-mode (results cluster variables) that was performed using
Ward's hierarchical agglomerative method (unweighted pair-group
method, UPGM) and the squared Euclidean distance measured. The
second statistical treatment applied to the same ranked data set
was the Principal Components Analysis (PCA), which is an ordina-
tion method utilizing values and vectors from a variance-
covariance matrix.

4. Results

The river discharge and FSS, Cu, Co, Cr, Zn, Cd, Ni and Sc con-
centrations, with their respective discharge weighted averages
(Cpwa) are presented in Table 1. Despite the higher discharges
achieved for the sample period, when compared with the historical
series (Fig. S1B), the temporal distribution of the river discharge
during the study period followed the seasonal variation that char-
acterizes the dry (April to September) and rainy (October to March)
seasons. The average discharge rate during the sampling period was
of 169.0 m> s~ with the highest value obtained in January 2010
(366.5 m> s~1) and the lowest in July 2009 (37.5 m> s~ !). As ex-
pected, the discharge in the rainy season was higher than in the dry
season by more than 3 times (Fig. 1B—C).

The FSS concentration proved to be influenced by seasonal
discharge variations, which was higher in the rainy season when
compared with the dry season, with discharge-weighted average of
70.0 mg L~L. This increase is mainly related to the erosion of the
surface soil layers of the Sorocaba River basin during the rainy
season and the surface runoff carrying particulate matter to the
watercourses. Pearson's linear correlation between the discharge
and the FSS concentration during the study period (r = 0.92,
P <0.01) was illustrated in Fig. S2, obtaining an equation to quantify
the FSS  concentration from the  discharge  river
(FSS = 0.21Q + 15.42).

The discharge weighted average concentrations of trace

Table 1

Sorocaba River discharge, FSS concentrations and Cu, Co, Cr, Zn, Cd, Ni and Sc par-
ticulate concentrations in the Sorocaba River during the sampling campaigns. The
respective weighted averages values for the entire study (Cpwa).

Sampling  Discharge  FSS Cu Co Cr Zn Cd Ni Sc
m3s! mgl! pgg!
07/09 375 143 28 15 59 552 14 25 12
09/09 99.8 453 33 18 61 323 11 25 14
10/09 123.2 54.3 31 18 68 284 10 25 13
12/09 363.3 87.2 23 20 57 1% 10 19 13
01/10 366.5 101.5 29 17 58 207 12 25 15
02/10 184.0 37.8 28 19 57 186 10 25 14
04/10 107.6 51.0 30 17 74 393 11 25 15
05/10 70.2 227 36 23 83 447 13 28 15
Cowa 169.0 70.0 28 18 61 252 10 24 14
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elements during the study period showed a greater abundance of
Zn (252 pg g ), followed by Cr (61 pug g~ '), Cu (28 pg g~ ), Ni
(24ngg "), Co(18ugg ), Sc (14 ugg ') and Cd (10 pg g '), and
this order of abundance remained during the dry and rainy seasons.
The concentrations of Sc and Co presented no seasonal variation.
However, the seasonal effect was marked by higher concentrations
during the dry season compared to the rainy season for Cu, Cr, Zn,
Cd and Ni. Zn was the trace element with the highest seasonal
variation, ranging from 552 pg g~! to 186 pg g~ .. The relation be-
tween the concentrations of the studied trace elements and the FSS
concentration showed these seasonal trends (Fig. 2). The Cu, Cr, Zn,
Cd and Ni concentration decreased with increasing FSS concen-
tration, whereas FSS concentration showed no influence on Sc and
Co seasonal concentrations.

Table 2 shows the POC, PON and POM concentrations in the FSS
of the Sorocaba River during the study period, with their respective
313C and 3N isotopic values and C:N ratio. The discharge-
weighted average concentrations for POC, PON and POM were of
3.3, 0.33 and 5.6%, respectively, with the highest concentrations of
POC (4.8%), PON (0.51%) and POM (8.2%) during the dry season in
July, which also presented the lowest discharge rates and FSS
concentration. There was a significant correlation between the
concentrations of POC and PON (r = 0.99 and P < 0.01) throughout
the study period, as illustrated in Fig. S3. This figure also shows the
POC and PON concentrations in accordance with the river discharge
and shows a clear diluting effect of the concentrations of these
compounds during the rainy season. The discharge-weighted
average of the C:N ratio was 10.0, ranging between 9.3 and 11.0.
The discharge-weighted average values for 83C and 3°N were
of —23.00 and 9.71°/4e, respectively, with the highest values ob-
tained in the dry period compared with the rainy season.

5. Discussion
5.1. Origin of particulate organic matter

The different sources of organic matter in river sediments can be
investigated by evaluating the elemental and isotopic C and N
composition present in the suspended particulate load and then
comparing with reference parameters (Kendall and Doctor, 2003;
Kendall et al., 2001; Krusche et al., 2002; Walling, 2013). In re-
gions without anthropogenic influence, the organic matter in

Table 2

Concentrations of measured particulate organic carbon (POC), measured particulate
organic nitrogen (PON), measured 3'3C and 8'°N and calculated particulate organic
matter (POM) and C:N ratio in the FSS transported by the Sorocaba River during the
sampling campaigns.

Sampling POC 313¢ PON 315N POM C/N
% o/oo % 0/00 %
07/09 48 —22.85 0.51 +12.72 8.2 9.4
09/09 34 -23.10 0.34 +9.59 5.8 9.9
10/09 3.4 —23.40 0.34 +9.54 59 10.1
12/09 2.8 —22.58 0.25 +8.64 48 11.0
01/10 24 2220 0.23 +8.02 4.1 10.1
02/10 25 —22.83 0.23 +7.87 42 10.6
04/10 3.1 —23.74 0.31 +9.15 5.3 10.0
05/10 3.8 —2327 0.41 +12.16 6.6 9.3
Average 33 —23.00 033 +9.71 5.6 10.0

suspended sediments may be the contributions from terrestrial
organic matter, including plants and soil, which reflect the type of
plant supported (C3 or C4), which are carried along with the sed-
iments by erosion processes; and aquatic organisms generally sub-
grouped into plankton (algae and aquatic microorganisms) and
macrophytes (vascular aquatic plants). Each of these sources has a
characteristic 3'3C and 3'N isotopic signature. The C isotopic
fractionation is inherent in the different photosynthetic cycles of
terrestrial plants C3 and C4 and freshwater autotrophic organisms
such as phytoplankton. The N isotopic fractionation is related to the
different strategies for obtaining N which fix nitrogen directly from
the atmosphere (N-fixing plants) or from assimilation as ammo-
nium/nitrate and involving processes such as volatilization, nitri-
fication and denitrification (non N-fixing plants) (Kendall et al.,
2001; Mortatti and Probst, 1998). In disturbed areas the contribu-
tions of domestic effluents should also be considered, as verified in
Brazilian studies by Krusche et al. (2002) in the Piracicaba River
basin (SP), and by Carreira et al. (2002) and Barros et al. (2010) in
the Guanabara bay (R]) and Babitonga bay (SC), respectively. These
studies highlighted that the anthropogenic load of organic matter
changed the quantity and quality of the fluvial organic matter
compared to the natural environments.

The carbon and nitrogen average concentration and isotopic
composition and related C:N ratio for the main sources
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Fig. 2. Relationship between the trace elements concentrations and the FSS concentration for the samples collected during the study period at the mouth of the Sorocaba River.
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(phytoplankton, C3 and C4 plants and urban sewage) of particulate
organic matter in the river systems are presented in Table S1. In the
first analysis, the results obtained could be product of a mixture
among the main sources, as showed in Fig. 3A. The organic matter
that can be found in the predominant soil of the Sorocaba River
basin showed characteristics of C4 plants (pastures, fields with
grasses and sugar cane crops) (Fig. 3A), indicating no contribution
of C3 plants. Besides, the phytoplankton contribution was consid-
ered as negligible, because in river water with FSS concentration
lower than 100 mg L~! POC is mainly composed of particles coming
from soil erosion and anthropogenic activities (Meybeck, 1993).
Thus, only two sources should be considered, i.e. C4 plant and/or
urban sewage.

According to Gao et al. (2012), low values of 3'°N in the river
POM can be attributed to soil and terrestrial plant contributions.
For rivers subject to heavy anthropogenic disturbances, POM is
isotopically enriched in heavy nitrogen components, derived from
human wastewater and livestock (81°N of +7°/40 to +22°/40) (Mayer
et al., 2002). The average values of 3'°N measured in the POM of the
Sorocaba River (+9.71°/o, in the study period) are closer to the
average values assigned to human wastewater and livestock
(Fig. 3B). However, the complexity of the nitrogen cycle and the
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LV py
-13 4 a *C4
-18 4
:8 Sewage
o *C3
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Fig. 3. Plot of C:N ratio vs. 8'3C values of POC, including characterization of the pre-
dominant soils in the Sorocaba River basin, i.e. red Argisol (PV) and red Latosol (LV)
(Fernandes, 2012) (A), and 3"°N vs. 3'3C values of PON and POC, respectively (B). The
characteristic range of stable isotopic compositions and the C:N ratio for phyto-
plankton, C3 and C4 plants were obtained in Kendall et al. (2001); with their end-
members described by Krusche et al. (2002). The urban sewage ranges of 3'C and
C:N ratio and 3'°N were obtained in Gao et al. (2012) and Mayer et al. (2002), with end-
members for 3'>C and C:N ratio presented in Krusche et al. (2002) (see these values in
Table S1).

high number of N isotopic fractionation processes related to
ammonification, nitrification, denitrification and nutrient assimi-
lation reactions in the recycling of particulate nitrogen compounds,
do not allow the direct use of 31°N as an unequivocal indication of
the origin of the particulate organic matter in the river (Carreira
et al,, 2002; Gao et al., 2012).

In order to provide a quantitative assessment of the contribution
of the main sources of POM found in the Sorocaba River, a mixed
model was used, assuming as end-members both the terrestrial
organic matter and the domestic sewage (Equation (5)). This model
was first described by Calder and Parker (1968), and adapted to the
marine conditions affected by autogenous organic carbon (Gao
et al., 2012). In this work, this model was adapted to the riverine
conditions affected by human activities by replacing the marine
contribution with domestic sewage. The natural contribution from
terrestrial organic matter (f) and the anthropogenic contribution
from domestic sewage (f ) were gained using Equations (5) and (6),
respectively.

(513Csw _ 513C5A)

.100 (5)
(513CSW B 613CST>

f%) =

f(%) = 100—f (6)

where 63Cis the mean value of the isotopic composition of carbon
in the sample (Css) and in both end-members, the terrestrial
organic matter (Cst) and the domestic sewage (Csw).

The 8'3C average of soils in the Sorocaba River basin was used to
represent the end-member terrestrial organic matter
(33Csr = —13.55°/40) (Fernandes, 2012). For the end-member do-
mestic sewage, it was used the value of —23.30°/,, obtained by
Krusche et al. (2002) for the Piracicaba River basin (another large
river of the Parana River Basin). Thus, the larger contribution was
attributed to the domestic sewage for the entire study period (97%).
A little difference could be observed between the dry season (99%)
and the rainy season (94%). These values show that throughout the
study period the major part of the POM that is transported by the
Sorocaba River was of anthropogenic origin due to the release of
untreated urban sewage into the river. The Sorocaba River basin has
approximately 1,200,000 inhabitants who generate a daily load of
54 tons of BOD (biochemical oxygen demand) for only 17.5% of
sewage treatment (IPT, 2006). Moreover, the FSS organic matter
characteristics (POC, PON, 8'3C, 8'°N, C:N ratio) measured during
the study period were similar to the reference values for domestic
sewage (Table S1). Consequently, the main source of particulate
organic matter found in the FSS of the Sorocaba River during the
study period can be related to the load of domestic sewage released
into the rivers of the drainage basin.

5.2. Sources of trace elements and environmental problems

In fluvial ecosystems the trace elements are present in the solid,
dissolved and labile phases, however, even for the most mobile
elements, the dominant form of transport occurs in suspended
sediment particles (Gaillardet et al., 2003; Hissler and Probst,
20064, 2006b; Hissler et al., 2015a; Kucuksezgin et al., 2008). The
trace element concentrations in the suspended sediment particle
depend on their mineralogical composition, grain size and organic
matter content, which can be related to their source (natural or
anthropogenic), as well as the fluvial environment in which they
are transported (Harikumar and Jisha, 2010; Walling, 2005). The
particulate fraction of the riverine trace elements is composed of
primary and secondary minerals and amorphous materials such as
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iron and manganese oxyhydroxides complexed with organic mat-
ter and/or adsorbed on clay particles or iron and manganese oxy-
hydroxides (Leleyter and Probst, 1999; Tessier et al., 1979; Tessier
and Campbell, 1987).

The EF calculation often involves the use of natural geochemical
background associated with global average values, such as surface
river sediments (Martin and Meybeck, 1979) or Earth's Crust
average abundance (Taylor and McLennan, 1995). However the
results should be carefully evaluated. High trace element concen-
trations in river sediments do not necessarily reflect anthropogenic
contributions, since these concentrations can be the result of
naturally enriched soils and bedrocks relative to global references
(Hissler et al., 2015b; N'guessan et al., 2009; Viers et al., 2009). To
avoid this problem, the use of regional or even local natural refer-
ence values has been discussed and recommended for studies of
trace element concentrations in river sediments (Ferrand et al.,
1999; Harikumar and Jisha, 2010; Mortatti et al., 2012; Mozeto
et al.,, 2003; Rodrigues and Nalini Junior, 2009). Three reference
values were used to calculate the EF in this study (Table S2), the
regional values determined for the Tiete River basin (Mortatti et al.,
2012), the reference values of global average concentrations re-
ported in the literature for surface river sediments (Martin and
Meybeck, 1979) and the average concentration of the Earth's
Crust (Taylor and McLennan, 1995).

Martin and Meybeck (1979) related their EF values ranging be-
tween 0.7 and 1.5 to natural contributions. Similarly, according to
Zhang and Liu (2002), in many studies it was agreed that
0.5 < EF < 1.5 are indicatives of natural contribution and for EF > 1.5
a significant percentage of the element comes from other sources,
such as the biota and anthropogenic pollution. Fixed values for EF
have been also used to differentiate natural contributions from
anthropogenic sources, such as 1.0 (Miller et al., 2007; Viers et al.,
2009), 1.5 (Harikumar and Jisha, 2010) and 2.0 (Hissler and
Probst, 2006a, 2006b; Mukherjee, 2014; Roussiez et al., 2013;
Wen et al., 2013; Woitke et al, 2003). In our study it was
assumed that for EF < 1 the contributions of the trace element
studied are natural (soil and rocks erosion processes) and for EF > 1
the contributions of the trace elements can be related to natural
and anthropogenic sources (domestic and industrial effluents).

The EF values of Zn, Cu and Ni were similar for the three
different geochemical background (Table 3). Zn present EF always
greater than 1 using the regional reference, either during the entire
period (2.2), the dry (3.4) or the rainy (1.8) season, indicating
different trace element source contributions in the FSS. Cu and Ni
EF were always below 1 indicating that natural Cu and Ni mainly
contribute to FSS composition. Co, Cr and Cd EF values change ac-
cording to the geochemical reference that was used. They were
slightly higher than 1 for Co and Cr, whereas Cd showed the higher
EF for this study (from 75.6 to 111.3). The use of global average
references for river sediments and Earth's Crust resulted, in general,
in increased EF values indicating a greater participation of
anthropogenic contributions to the studied trace elements. These
differences should be taken into consideration carefully, as

Table 3
Enrichment Factors (EF) obtained for the trace elements present in the FSS trans-
ported by the Sorocaba River.

EF Cu Co Cr Zn Ccd Ni
Regional background?® 0.7 0.5 0.5 22 0.9 03
Surface sediments” 0.7 1.1 0.8 3.8 100.1 0.6
Earth's Crust® 0.9 14 14 2.8 78.5 0.9

2 Mortatti et al. (2012).
b Martin and Meybeck (1979).
€ Taylor and McLennan (1995).

reported by Viers et al. (2009), especially for Cd, which had a more
pronounced increase, with EF values about 100 times higher than
those obtained with the regional background. Therefore, consid-
ering the regional background as a reference, only Zn had EF > 1
values, indicating a possible anthropogenic source for this trace
element. To estimate the natural and anthropogenic contributions
of Zn in the FSS of the Sorocaba River, the approach proposed by
Shotyk et al. (2000), from the EF equation, was used. The results
showed the anthropogenic contribution of Zn was very high, with
an average value of 55.6% in the study period.

The geoaccumulation index (Igo) was calculated using the
regional background given in Table S2. The Ige, index was associated
with a qualitative intensity scale of the metal pollution of interest
divided into four degrees, i.e. absence of pollution for Ise,<1,
moderate pollution for 1<lge,<3, strong pollution for 3<lgeo<5 and
extreme pollution for Ige,>5. As previously shown with the EF
calculation, the average of Iz, results obtained for Cu (0.4), Co (0.3),
Cr (0.3), Cd (0.5) and Ni (0.2) did not indicate any pollution level
(Igeo<1). However, the average of g, for Zn was 1.3, corresponding
to a moderate degree of pollution. The Sorocaba River basin does
not contain any Zn-mining activity, as it could be observed in other
river basins (Carvalho et al., 1999; Harikumar and Jisha, 2010;
Kucuksezgin et al., 2008; Miller et al, 2007). Moreover, as
described in the works of Sardinha et al. (2010) and Fernandes
(2012), no mineral fractions that may cause Zn natural enrich-
ment in FSS particles were identified in the soils and bedrocks of
the Sorocaba River basin.

Thus, only anthropogenic sources can explain the Zn excess in
FSS in the Sorocaba River basin, which can be related to the material
transported in agricultural areas that use fertilizers and pesticides,
as seen in other watersheds (Mortatti and Probst, 2010; Roussiez
et al., 2013). However, the seasonal behaviour of Zn showed
higher concentration values in the dry period, indicating that the
Zn excess is not associated with use of fertilizers and pesticides in
agricultural areas. The Pearson correlation analysis presented a
significant correlation between the Zn and POM (r = 0.92 and
P < 0.01 — Table 4). The Cluster Analysis (CA) resulted in a small
dissimilarity between Zn and POM (Fig. 4A), exhibiting a similar
behaviour. The obtained Principal Components Analysis (PCA) re-
sults plotted in Fig. 4B also confirmed that Zn and POM have the
same ordination, and, therefore a similar behaviour. Thus, these
two multivariate statistical approaches are also compatible with
the evaluation performed by the use of the Pearson correlation
tests. Therefore, the main source of Zn can be related to the same
origin of POM, i.e. the contribution of untreated urban wastewater
discharged directly into the water bodies of the Sorocaba River
basin.

The CONAMA Resolution No. 344 (BRASIL, 2004) suggests the
orienting values for sediment quality guidelines used in Brazil,
which provides the maximum concentration limits in sediment
quality for the protection of aquatic life due to the possibility of
assimilation into the environment and recognized human hazards.
The Threshold Effect Level (TEL) represents the concentration
below which adverse biological effects are rarely expected to occur
and the Probable Effect Level (PEL) defines the level above which
adverse effects are expected to occur frequently. The criterion
established by this resolution is based in the Canadian Sediment
Quality Guideline (CCME, 1995). The TEL reference values for
sediment quality guidelines used in Brazil for trace element con-
centrations (Cu, Cr, Zn, Cd and Ni, in pg g~ ') are 35.5, 37.3,123.0, 0.6
and 18.0, respectively, and for the PEL are 197.0, 90.0, 315.0, 3.5 and
35.9, respectively (BRASIL, 2004).

Among the studied trace elements, Cu showed no potential toxic
effect, being present at lower concentrations than the TEL values.
The concentrations of Cr and Ni, intermediate to TEL and PEL
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Table 4
Pearson correlation (with P < 0.01) among Cu, Co, Cr, Zn, Cd, Ni, Sc and POM transported by the Sorocaba River.
Cu Co Cr Zn Cd Ni Sc POM
Cu 1.00 0.34 0.33 0.44 0.59 0.49 0.01 0.32
Co 1.00 0.52 -0.19 0.25 0.10 0.57 -0.18
Cr 1.00 0.48 0.34 0.50 0.27 0.31
Zn 1.00 0.56 0.50 -0.47 0.92
Cd 1.00 0.60 -0.47 0.52
Ni 1.00 -0.14 0.33
Sc 1.00 -0.15
POM 1.00
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Fig. 4. Cluster Analysis (CA) (A) and Principal Components Analysis (PCA) (B) utilizing data obtained for trace elements concentrations and POM from FSS collected at Sorocaba

River.

guideline-values, indicated potential toxicity with adverse effects
to the biological community. The Cd and Zn concentrations were
above the PEL limits, and so may indicate adverse biological effects
to the aquatic environment and to organisms living in or having
direct contact with sediments. The TEL and PEL guideline-values
serve as indicators of possible trace element toxicity and their
interpretation should be evaluated carefully and together with
other indices, since they do not necessarily reflect the regional
natural geochemical background and can overestimate or under-
estimate the degree of toxicity. In addition, a study of trace element
speciation, based on progressive and selective chemical extractions,
and toxicity tests could provide more information about the (non)
incorporation of these micropollutants in FSS and identify their
bioavailability to benthic and epibenthic organisms.

5.3. ESS, trace elements and POM fluxes in the river and seasonal
influence

Understanding the fluvial transport of FSS, trace elements and
particulate organic matter is important for the management of the
Hydroelectric Power Plant Reservoirs (HPPR), which are of great
socio-economic importance in tropical river systems. The contri-
bution of FSS and associated chemical species from the tropical
river may compromise the storage capacity and the useful life of
this reservoir due to FSS deposition, especially in rainy seasons
when water is stored to meet the demand in the dry months of the
year. This deposition process can also affect the quality of water and
bottom sediments of HPPR due to the load of associated trace ele-
ments, which are toxic and depending on the physico-chemical
conditions of the environment may become bioavailable, and also
the organic load of carbon and nitrogen, which favor its eutrophi-
cation process.

Thus, the fluvial transport (Tin t y~) of FSS, Cu, Co, Cr, Zn, Cd, Nji,
Sc, POC and PON (Table 5) were calculated according to the sto-
chastic methodology (Probst et al., 1992), expressed by Equation
(7). The concentrations of POC and PON (%) and of trace elements
(ng g~ 1) were previously converted to mg L™

Table 5

Particulate fluxes estimated and respective contributions during the dry and the
rainy seasons for FSS, Cu, Co, Cr, Zn, Cd, Ni, Sc, POC and PON during the studied
period in the Sorocaba River.

Total transport Study period (ty~') Dry period (%) Rainy period (%)

FSS 373,194 13 87
cu 107 15 85
Co 68 13 87
cr 24 15 85
Zn 85.0 21 79
cd 37 14 86
Ni 8.6 14 86
sc 53 13 87
POC 10135 16 84
PON 977 17 83
T= Cowa - Qf (7)

where Cpyus = average concentration normalized by the discharge
rate (mg L), Q is the average discharge during the study period
(m3 s~1) and fis the mass and time correction factor in the calcu-
lation of mean fluvial transport, which was equal to 31.536 for re-
sults given in tonnes per year.

The FSS load carried by the Sorocaba River in the study period
was of 373,194 t y~'87% of the FSS transport occurred during the
rainy season and only 13% during the dry season, indicating a
marked seasonal effect on the FSS transport. Meybeck et al. (2003)
proposed a classification, comprising six classes from very low to
very high, for the world's rivers based on the ratio between the total
fluvial transport of suspended sediments and the drainage area
upstream the sampling site. This classification only allows the
comparison of specific suspended sediment fluxes, since they are
influenced by various factors such as climate, erodibility, degree of
surface runoff, slope, type of material (soil and rock), vegetation
and the presence of lakes and reservoirs (Meybeck et al., 2003).
With a specific transport of approximately 71 t km=2 y~!, the
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Sorocaba River was within the class of rivers with medium sedi-
ment transport (18—73 t km™2 y~1), a flux close to that quantified
for the rivers Fraser (75 t km2 y~!) in Canada, Garonne
(74 t km~2 y~ ') and Lot (74 t km~2 y~!) in France, and the Grande
(75 t km~2 y~1) and Salt Fork Red (77 t km~2 y~!) in the USA
(Meybeck et al., 2003). We emphasize that although these rivers
present specific FSS flux of the same order of magnitude as the
Sorocaba River, all were classified as high sediment transport
(73—365 t km~2 y~ ') and show no similarity in terms of drainage
area, flux and specific water discharge. Regarding the specific
transport of suspended sediments in river basins in the Sao Paulo
State, the Sorocaba River had a higher specific load when compared
to the Piracicaba and Tieté rivers, which transport 55 and 60 t km™—2
a~! (Bortoletto Junior, 2004), respectively, and are also classified as
rivers of medium sediment transport.

The following order was observed for the particulate trace ele-
ments fluxes in the Sorocaba River during the study period: Zn
(85ty H>Cr(22ty H>Cu(10ty H>Ni(9ty )>Co(7ty 1)
>Sc (5 ty 1) > Cd (4 t y!). Regarding seasonality, the highest
contribution occurred in the rainy season, during which from 80 to
90% of the particulate trace elements are transported: 87% for Co
and Sc, 85% for Cu, Cr, Cd and Ni and 79% for Zn. POC (10,135 ty™ 1)
and PON (977 t y~1) fluxes present the same seasonal trend, with
the highest percentage transported in the rainy season. The sea-
sonal variation, observed in the transport of these chemical species
associated with the FSS of the Sorocaba River, was influenced more
by the temporal variability of discharge and FSS concentrations,
than by their concentration variations in the dry and rainy seasons,
as already reported in the literature for other basins (Kucuksezgin
et al., 2008; Radakovich et al., 2008; Song et al., 2010; Wen et al,,
2013).

6. Conclusions

This study confirms that an integrated approach involving the
trace elements and isotopic composition of POM present in the FSS
enables a better understanding and identification of how the
anthropogenic influences can affect the natural processes acting on
a disturbed tropical watershed. Thus, future studies involving
traces elements in FSS should be conducted in conjunction with the
isotopic analysis of particulate organic matter, preventing mistaken
conclusions in identifying the source of these metals in natural or
disturbed watersheds. The results showed that the concentrations
of Cu, Cr, Zn, Cd, Ni and POM were higher in the dry season and
subject to a dilution effect during the rainy season, while Sc and Co
showed no significant concentration change during the study
period. The isotopic and elemental analysis of C and N and the C:N
ratio of particulate organic matter indicated a clear relationship
with domestic sewage, a predominant source during the study
period. This anthropogenic activity accounted for 99% of the fluvial
POM during the rainy season, and 94% during the dry season. The
evaluation of the origin of trace metals in the FSS through enrich-
ment factors and geoaccumulation index mainly indicated natural
sources during both dry and rainy periods. The exception was Zn,
which showed a significant anthropogenic contribution in associ-
ation to POM coming from domestic sewage. The transport of
particulate trace elements and POM was higher during the rainy
season due to increasing discharge and FSS load, which in this
period amounted to 87% of all FSS flux during the entire study
period. In addition, a study of the bioavailability of Cu, Cr, Zn, Cd and
Ni, using sequential selective extraction, and toxicity tests could
provide more information about the effects of these micro-
pollutants on FSS and identify their relationship with benthic and
epibenthic organisms.
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