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HEAVY METAL CONTAMINATION IN SUSPENDED SEDIMENTS OF AN
ENVIRONMENTALLY IMPACTED RIVER

Yuri Jacques Agra Bezerra da Silva *, José Ramon Barros Cantalice?, Vijay P. Singh®, Clistenes
Williams Araujo do Nascimento®, Ygor Jacques Agra Bezerra da Silva®, Sérgio M. S. Guerra®,
Cinthia Maria Cordeiro Atanazio Cruz Silva’

ABSTRACT --- The objectives of this study were to (1) determine the status of heavy metal
concentrations in suspended sediments, (2) distinguish between natural and anthropogenic sources
of metals, and (3) evaluate the risk, to the environment, posed by the heavy metals in the river
system (by comparison with SQGs).Suspended sediment samples were obtained using a depth-
integrated and isokinetic sampling. The mean available metal concentration in suspended sediment
followed the order Fe > Mn > Zn >Pb > Cr > Cu > Ni > As > Cd > Hg and Fe > Mn > Pb > Zn >
Cr > Cu > Ni > As > Cd > Hg, upstream and downstream, respectively. The concentration of Mn
(upstream) and Pb in both sites are likely to result in harmful effects on sediment dwelling
organisms based on the comparison with SQGs. However, SQGs underestimate the harmful effect
of studied metals on sediment-dwelling organisms. Notably, Pb is the most harmful of the heavy
metals for aquatic life. The upstream portion of the Ipojuca River is moderately contaminated, with
higher contaminant levels for Mn and As; and that the sediments of the downstream portion are
highly contaminated with Zn, Pb, and As.

Keywords: Sediment quality, Multivariate statistical techniques, Enrichment factor.
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1. INTRODUCTION

Heavy metal contamination is a particular concern given the toxicity, abundance, and
persistence of these elements in aquatic environments. Because of their sorption by sediments, only
small amounts of metals get dissolved in water. As a result, sediments function as a long-term
storehouse of heavy metals originating from either natural or anthropogenic sources (Sin et al.,
2001; Davutluoglu et al., 2011; Nasehi et al., 2013), and from them, therefore, we can derive a short
and long history of pollution in rivers (Taylor et al., 2003)—a useful indicator of changes that pose
a health risk to human and aquatic life.

The simplest approach to assessing heavy metal pollution in aquatic environments is the use
of sediment quality guidelines (SQGs) and/or calculation of pollution indices, as exemplified by
several studies, both in Brazil and other countries (MacDonald et al., 2000; MacDonald et al., 2003;
Varejdo et al., 2011; Garcia et al., 2011; Gao et al., 2012; Weber et al., 2013; Xiao et al., 2013;
Gawel et al., 2014). Comparison with SQGs is essential in order to protect aquatic organisms,
maintain water quality, and develop remediation actions. At the same time, heavy metals
concentrations in sediment should be compared with data from site background samples (Adamo et
al., 2005; Raju et al., 2012), to take into account the levels of metals expected to occur naturally.
Such an approach has been successfully used to develop guidelines and make management
decisions, especially in cases lacking adequate data for the use of other approaches (CCME 1995).

The Ipojuca River is one of the most important natural resources of Brazil, but owing to
industrial and economic development, it is also one of the most polluted rivers in the country. Even
though the Ipojuca is considered the fifth most polluted river in Brazil according to department of
water resources (SRH, 2010), very little information exists regarding the levels of heavy metals in
suspended sediments. Most studies of the Ipojuca River system have focused either on modeling
nutrient emissions (Barros et al., 2013), on the effects of the construction of the Industrial and
Harbor Complex on the river’s hydrology, chemistry, and phytoplankton (Koening et al., 2003;
Muniz et al., 2005), or on contamination of the water caused by the sugarcane industry (Gunkel et
al., 2007). This study, therefore, has as its objectives to (1) determine the status of heavy metal
concentrations in suspended sediments, (2) distinguish between natural and anthropogenic sources
of metals in suspended sediments, and (3) evaluate the risk, to the environment, posed by the heavy

metals in the river system (by comparison with SQGS).
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2. MATERIAL AND METHODS

2.1 Study area

The Ipojuca watershed has a total river length of 290 km (08°09°50°’— 08°40°20”* S and
34°57°52>’— 37°02°48”* W). Its watercourse allows a unique opportunity to evaluate sediment
pollution in the semiarid and coastal region of Brazil. The river drains a catchment area of about
3,435 km? (Figure 1). Average annual rainfall ranges from 600 mm in the semiarid region to 2,400
mm in the coastal zone. The annual average air temperature is approximately 24°C (SRH, 2010).

Streamflow is intermitent for the first 100 km and ranges from 2 m®s™to 35 m® s in dry and rainy

seasons, respectively.
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Figure 1 — Location of the Ipojuca River watershed.

Soils in the Ipojuca watershed range from Entisols to Oxisols (ZAPE 2002; EMBRAPA
2006). In general, the amount of sediment supplied to the studied cross sections is partly a result of

the sugar cane agricultural activities, which trigger erosion—mainly in the form of interrill and rill

erosion.
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2.2 Sampling sites and measurements

Suspended sediment samples were collected from both the upstream (08°13°10>* S—35°
43’09’ W) and the downstream (08°24°16°° S—35°04°03" W) cross sections. For both, flat stretches
of river with well-defined banks were selected, free from any features that could cause disturbances
in the flow. The region of the upstream cross section has a mean flow depth of 0.27-0.56 m and a
mean width of 6.0-10.8 m; that of the downstream cross section has a mean flow depth of 0.8-2.43
m and a mean width of 21.8-30.3 m. The upstream cross section is affected by both domestic
sewage and wastewater from industrial and agricultural production, whereas the downstream cross
section is mainly affected by sugarcane farming and processing.

Suspended sediments were collected by means of a US DH-48 sampler calibrated with a
stainless steel intake nozzle having a Ys-inch diameter. Twenty-four direct measurements (twelve in
each cross section) were made during 2013, in accordance with the equal-width-increment (EWI)
depth-integrated and isokinetic sampling method proposed by Edwards and Glysson (1999). This
approach provides representative samples of suspended sediments for the depth profile of the river.
The samples were stored in polyethylene bottles until analysis. Mass values for the suspended
sediments were obtained by the evaporation method (USGS 1973).

2.3 Chemical analysis for heavy metals

Background values for heavy metals were determined from uncontaminated soil samples
(taken from forest areas where the soils are mineralogically and texturally comparable with the river
sediments), which were passed through a 2-mm-mesh nylon sieve. Aliquots (0.5 g each) of the soil
and suspended-sediment samples were macerated in an agate mortar and passed through a 0.3-mm-
mesh stainless steel sieve (ABNT n°. 50). They were then digested in Teflon vessels with 9 mL of
HNO3; and 3 mL of HCI according toUSEPA 3051A (USEPA 1998) in a microwave oven
(MarsXpress) for 8 min 40 s—until the temperature reached 175 °C. The samples were maintained
at this temperature for an additional 4 min 30 s. High purity acids were used in the analysis (Merck
PA).

After digestion, all extracts were transferred to 50-mL certified flasks (NBR ISO/IEC), which
were filled with ultrapure water (Millipore Direct-Q System) and filtered in a slow filter paper
(Macherey Nagel®). Glassware was cleaned and decontaminated in a 5% nitric acid solution for 24

h and then rinsed with distilled water.
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Calibration curves for metal determination were prepared from standard 1,000 mg L
(Titrisol®, Merck). A sample was analyzed only if the coefficient of determination (r’) of its
calibration curve was higher than 0.999. It was also carried out analytical data quality and standard
operation procedures, such as curve recalibration, analysis of reagent blanks, spike recovery, and
analysis of standard reference materials 2710a Montana | Soil (Cd, Pb, Zn, Cu, Ni, Cr, Fe, and Mn)
and 2709a San Joaquin Soil (As and Hg) (NIST 2002), were carried out. The percentage recovery of
metals in the spiked samples ranged from 87.20% to 101.42%. In addition, the NIST recoveries
ranged from 83% to 116%. All analyses were carried out in duplicate.

The concentrations of Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn were determined by means of
inductively coupled plasma (ICP-OES/Optima 7000, PerkinElmer); and As and Hg were
determined by an atomic absorption spectrophotometer (PerkinElmer A Analyst™ 800) coupled to a
hydride generator (FIAS 100/Flow Injection System/PerkinElmer) with an electrodeless discharge
lamp (EDL). The detection limits were 0.0006, 0.00009, 0.004, 0.0002, 0.0006, 0.00075, 0.003,
0.001, 0.003, and 0.004 mg L™ for Fe, Mn, Pb, Cd, Zn, Cr, Cu, Ni, Hg, and As, respectively.

2.4 Assessment of sediment pollution in the Ipojuca River

Pollution in the suspended sediment of the river was assessed on the basis of the enrichment
factor (EF) and comparison with background samples and SQGs. Four composite uncontaminated
soil samples from each site were used as background values. One drawback is that both the SQGs
and the EF consider total concentration, and thus the assumption that all the species of a particular
metal possess an equal impact with regard to the ecosystem (Dung 2013). To address and minimize
this problem, we limited the analysis to environmentally available metal concentrations in
suspended sediment (i.e., exchangeable, bound to carbonates, bound to iron and manganese oxides,

or bound to organic matter fractions).

Once the concentration of heavy metals found in suspended sediments does not enable the

discrimination between natural and anthropogenic sources, the EF was calculated as:
EF = (metal / Fe)sample/(metal / Fe)background (1)

The EF values were interpreted according to Sakan et al. (2009), as follows: EF <1 (no
enrichment); <3 (minor enrichment); 3-5 (moderate enrichment); 5-10 (moderately severe
enrichment); 10-25 (severe enrichment); 25-50 (very severe enrichment); and >50 (extremely

severe enrichment). To compensate for differences in the grain size and composition of samples,
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geochemical normalization with Fe as a conservative element was employed (Varol and Sen, 2012;
Thuong et al., 2013). Other elements could be used—such as Al or Li (see detailed discussion in
Dung 2013)—hbut Fe offers the advantages of high affinity with solid surfaces and a geochemistry
similar to that of many heavy metals (Varol 2011).

To evaluate the effects on the environment of the heavy metal concentrations found in the
suspended sediments, it was compared the levels with background values as well as two sets of
SQGs for aquatic systems (CCME 1995; MacDonald et al., 2000). The numerical limits suggested

to support and maintain the quality of aquatic environment are summarized in Tables 1 and 2.

2.5 Statistical analysis

Descriptive and multivariate statistical analysis methods were used. First, principal
component analysis (PCA) of the data set was applied to determine whether the heavy metals in the
suspended sediments were derived from anthropogenic or natural sources. To extract the significant
principal components while diminishing the contribution of those variables with little importance,
Varimax rotation was employed (Kaiser, 1958). Second, cluster analysis (CA), using Ward’s
method (Euclidean distance as a measure of similarity) was carried out. We have chosen this
method chiefly because it merges clusters on the basis of the sum of squares and the best-
performing hierarchical clustering, which minimizes information loss (see detailed discussion in
Templ et al., 2008). Standardized data for both the PCA and CA analyses was used to avoid

misclassification due to differences in data dimensionality (Webster 2001).

3. RESULTS AND DISCUSSION

3.1 Enrichment factor

The EF mean values for the upstream cross section followed the order Mn (28.73) > As
(22.17) > Pb (6.69) > Cu (4.49) > Cd (3.4) > Zn (3.22) > Hg (2.51) > Cr (1.70) > Ni (1.36) (Figure
2); those for the downstream cross section followed the order Zn (22.92) > Pb (15.51) > As (9.67) >
Mn (5.48) > Ni (5.38) > Cu (4.49) > Cr (2.68)> Hg (1.32) > Cd (0.95) (Figure 3). According to
Sakan et al. (2009), the enrichment factors for the metals were as follows: no enrichment (Cd —

downstream); minor enrichment (Ni — upstream, Cr and Hg — both sites); moderate enrichment (Cu
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— both sites; Cd and Zn — upstream); moderately severe enrichment (Pb — upstream; As, Mn, and Ni
— downstream); severe enrichment (As — upstream; Pb and Zn — downstream); and very severe

enrichment (Mn — upstream).
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Figure 2 — Enrichment factors for heavy metals found in suspended sediments from the upstream

cross section of the Ipojuca River. Note: SD = standard deviation.

The highest EF observed in all the suspended sediments was for Mn at the upstream site
(53.71—see Figure 2); Mn has also been reported as one of the elements showing the highest EF
relative to the upper crust (Viers 2009). The lowest EF observed was for Cd at the downstream
cross section (0.0), which may be linked with low energy bound to soil and sediment. In addition to
Mn (upstream), EF was particularly high for As (upstream) and for Zn, Pb, and As (downstream—
Figure 3). The high readings for As seem to reflect a common source at both sites; those for Zn and
Pb, which fall in about the same range, suggest similar inputs; and those for Mn may be associated

with some upstream input or natural process, as discussed by Ponter et al. (1992).
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Figure 3 — Enrichment factors for heavy metals found in suspended sediments from the

downstream cross section of the Ipojuca River. Note: SD = standard deviation.

3.2 Comparison with sediment quality guidelines

For the upstream site, As, Cd, Zn, Cr, Cu, Hg, and Ni showed values lower than the SQG
probable effect concentration (PEC) and the probable effect level (PEL) in 100% of the samples. On
the other hand, Mn exceeded the threshold effect concentration (TEC) and the PEC in 100% and
67% of the samples, respectively. In 25% of the samples, Pb exceeded TEC and Threshold Effect
Level (TEL) and in 8% and 17%of the samples Pb exceeded PEC and PEL. Samples showing
values between the guidelines were not reported, chiefly because SQGs are not intended to provide
guidance for these concentrations (MacDonald et al., 2000). The mean available metal
concentration for the upstream site followed the order of Fe > Mn > Zn > Pb > Cr > Cu > Ni > As >
Cd > Hg (Table 1). According to the SQGs, only Mn and Pb show concentrations potentially having

harmful effects on sediment-dwelling organisms.

Table 1 — Comparison of heavy metal concentrations in suspended sediments from the upstream

cross section with SQGs and background values

Month Metal concentration in suspended sediment — upstream (mg kg™)
Fe Mn Pb Cd Zn Cr Cu Ni Hg As
FEB 1,171 1,345 140 025 20.95 3.30 740 175 0.02 0.97
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MAR 1,801 2,164 1743 0.05 99.73 3.85 193 120 0.03 121
APR 1,843 968.97 5.08 0.00 47.08 2.25 0.00 1.00 0.02 115
MAY 5181 1,483 2748 005 9551 11.14 1138 6.75 0.05 1.23
MAY" 5325 1,172 1713 020 18.23 10.05 340 455 002 111
JUN 2,686 867.43 10.21 0.00 45.80 3.75 1.03 218 0.02 1.08
JUN” 3,700 1,99 19.79 0.00 92.87 6.76 386 319 0.02 230
JUL 1,164 51843 19.84 0.00 42.25 5.45 208 255 0.01 0.65
JuL” 1,091 57543 1029 0.00 34.30 2.95 190 180 0.01 057
AUG 6,380 3,216 14290 025 3145 3415 480 560 0.02 1.96
SEP 2,693 1,827 10690 0.00 154.13 1411 10.76 255 0.03 0.55
OCT 2991 1,656 56.84 000 77.01 1142 453 3.03 0.03 041
Mean 3,002 1482 36.27 0.07 63.27 9.10 442 301 0.02 1.10
Comparison with sediment quality guidelines and background values

TEC 20,000 460.00 3580 0.99 121.00 43.40 31.60 22.70 0.18 9.79
PEC 40,000 1,100 130.00 5.00 460.00 110.00 150.00 49.00 1.10 33.00
TEL na na 35.00 0.60 123.00 37.30 3570 18.00 0.17 5.90
PEL na na 91.30 350 31500 90.00 197.00 3590 0.49 17.00
Background (B) 10,682 238.92 20.73 0.11 9311 1946 4.64 819 0.05 0.22
Samples > TEC 0 12 3 0 1 0 0 0 0 0

Samples > PEC 0 8 1 0 0 0 0 0 0 0

Samples > TEL na na 3 0 1 0 0 0 0 0

Samples > PEL na na 2 0 0 0 0 0 0 0

Samples > B 0 12 4 3 3 1 4 0 0 12

na = data not available; B = Background value; = = second measurement in the same month; Note: TEL
and PEL (Canadian Sediment Quality Guidelines) are the values used by Brazilian legislation CONAMA

(2012).

For the downstream cross section, the concentrations of heavy metals in suspended sediments
were higher than those in the upstream samples, except for Mn (Table 2). The mean available metal
concentration followed the order Fe > Mn > Pb > Zn > Cr > Cu > Ni > As > Cd > Hg. The SQG
comparison showed that Fe and Mn exceeded TEC in 75% and 83% of the samples, respectively,
and that Pb exceeded TEC and TEL in 92% of the samples. Notably, Pb is the most harmful of the
heavy metals for aquatic life at the downstream site, and it was higher than PEC and PEL in 67%
and 75% of the samples, respectively (Table 2). In contrast, for the upstream site no metal exceeded
PEC and PEL in more than 17% of the samples (two samples) except for Mn. Other metals
exceeded guidelines as follows, in terms of percentages of samples: (1) TEC: Zn 58%, Cr 75%, Cu
42%, Ni 8%, As 42%; (2) PEC: Zn 8%, Cr 25%; (3) TEL: Cd 8%, Zn 58%, Cr 75%, Cu 33%, Ni
25%, As 100%; and (4) PEL: Zn 33%, Cr 25%. In 42% and 100% of the samples, respectively, As
exceeded both TEC and TEL.
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Table 2 — Comparison of heavy metal concentrations in suspended sediments from the downstream
cross section with SQGs and background values

Month Metal concentration in suspended sediment —downstream (mg kg™)

Fe Mn Pb Cd Zn Cr Cu Ni Hg As
FEB 16,450 97250 413 069 70.06 1981 7250 1763 0.05 6.25
MAR 10,350 24547 90.13 0.35 43563 1860 1343 12.85 0.03 6.69
APR 12,565 200.52 4558 0.20 158.83 15.15 10.83 5.15 0.12 11.37
MAY 31,122 959.03 320.20 0.17 534.27 60.63 77.22 19.58 0.11 15.07
MAY” 31,814 75990 682.05 0.23 6853 14188 19.90 13.34 0.07 1281
JUN 25,966 718.76 379.38 0.15 299.98 72.00 1851 16.73 0.08 11.86
JUN” 39,845 939.48 223.26 0.32 56.16 8194 33.13 19.69 0.08 7.40
JUL 34,504 656.95 12330 0.28 50.19 5852 25.69 1514 0.06 9.01
JuL” 28,635 61290 496.11 0.05 269.58 89.30 20.84 16.95 0.06 9.11
AUG 39,006 796.90 32523 0.12 357.15 332.17 46.61 17.90 0.06 8.16
SEP 31,516 77090 662.00 0.22 363.43 123.62 90.28 3525 0.14 875
OCT 37,236 1,049 27523 051 3858 8831 2497 9.17 0.04 10.08
Mean 28,251 72359 30222 0.27 22520 91.83 37.83 16.62 0.08 9.71

Comparison with sediment quality guidelines and background values

TEC 20,000 460.00 35.80 0.99 121.00 4340 31.60 22.70 0.18 9.79
PEC 40,000 1,100 130.00 5.00 460.00 110.00 150.00 49.00 1.10 33.00
TEL na na 35.00 0.60 123.00 37.30 35.70 18.00 0.17 5.90
PEL na na 91.30 3,50 315.00 90.00 197.00 3590 0.49 17.00
Background (B) 24,454 11394 1502 0.38 1213 2741 870 3.11 0.06 1.05
Samples > TEC 9 10 11 0 7 9 5 1 0 5
Samples > PEC 0 0 8 0 1 3 0 0 0 0
Samples > TEL na na 11 1 7 9 4 3 0 12
Samples > PEL na na 9 0 4 3 0 0 0 0
Samples > B 9 12 11 2 12 9 12 12 6 12

na = data not available; B = Background value™ = second measurement in the same month; Note: TEL and
PEL (Canadian Sediment Quality Guidelines) are the values used by Brazilian legislation CONAMA
(2012).

In 100% of the samples, from both the upstream and downstream sites, As exceeded the
background values—indicating that the source of this metal was anthropogenic. In addition,
concentrations of several metals at the upstream site exceeded background values, as follows: Mn
100%, Pb 33%, Cd 25%, Zn 25%, Cr 8%, Cu 33%, and As 100% of the samples. These values are
much higher for the downstream site, where Mn, Zn, Cu, Ni, and As exceeded the background
values in 100% of the samples, followed by Pb (92%), Cr (75%), Hg (50%), and Cd (17%). This
suggests that both SQGs underestimate the harmful effect of those metals on sediment-dwelling
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organisms. For this reason, the previous comparison with heavy metal concentration expected to
occur naturally should be the first step in sediment quality studies.

It was used cluster analysis to confirm the higher levels of heavy metal contamination in
suspended sediments at the downstream cross section (Figure 4). On the basis of similarity, twenty-
four measurements were grouped into two statistically significant clusters (linkage distance < 40%).
Regardless of the time of year (temporal variability), the concentrations of metals in suspended
sediment at the downstream site were similar. The same was observed at upstream site. However,
the concentrations measured at the downstream site are completely different from those measured

upstream (spatial variability).
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Figure 4 — Cluster analysis of metal concentrations in suspended sediment, according to Ward’s

method. U = Upstream; D = Downstream; = second measurement in the same month.

The cluster for the downstream cross section, on the right in the figure, shows higher levels of
heavy metal contamination, whereas the cluster for the upstream cross section, on the left, shows
moderate levels. Despite the lack of seasonal variation (wet/dry periods) in suspended sediments of
the Ipojuca River, some authors have shown this variation in others contaminated rivers (Varol
2011; Thuong et al., 2013). It is likely that the greater amounts of sediment carried downstream by
runoff along the length of the Ipojuca watershed offsets the effects of dilution of contaminants by

the higher discharge of water downstream.
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3.3 Principal component analysis

Principal component analysis (PCA) of standardized data was applied to discern patterns
among sediment samples and to identify the contribution of each heavy metal to each PC (Table 3).
The entire data set showed PCs with eigenvalues > 1, which explains roughly 80% and 74% of the
total variance in suspended sediment quality in the upstream and downstream cross sections,
respectively.

In the upstream cross section, PC1 (accounting for 45.70% of the total variance) was
correlated with Fe, Mn, Pb, Cr, and As; PC2 (accounting for 22.94% of the total variance) was
correlated with Cu, Ni, and Hg; and PC3 (accounting for 11.90% of the total variance) was
correlated with Cd and Zn. Both PC2 and PC3 at the upstream site represent metals derived from
natural sources, as supported by the data in Table 3. In contrast, PC1 appears to represent heavy
metals from a mixture of sources: Fe, Pb, and Cr come mainly from natural sources, whereas Mn
and As seem to have mainly an anthropogenic source (Table 1 and Figure 2). Such PCA-indicated
mixtures of sources for heavy metals in soils and sediments has been reported by several authors
(Facchinelli et al., 2001; Mico et al., 2006; Thuong et al., 2013).

Table 3 — Contributions of heavy metals to significant principal components in sediment samples

from the Ipojuca River

Upstream Downstream

Variables PC1 PC2 PC3 PC1 PC2 PC3
Fe 0.73 0.35 -0.42 0.93 0.11 0.08
Mn 0.92 0.09 0.07 0.75 -0.36 0.36
Pb 0.85 0.18 0.17 0.53 0.60 0.26
Cd 0.37 0.07 -0.76 -0.09 -0.94 0.05
Zn 0.21 0.46 0.83 -0.29 0.57 0.45
Cr 0.91 0.17 -0.19 0.70 0.32 0.05
Cu 0.24 0.88 0.07 0.15 -0.13 0.94
Ni 0.53 0.58 -0.45 0.25 0.11 0.88
Hg 0.00 0.91 0.20 -0.15 0.49 0.63
As 0.62 -0.24 -0.25 0.08 0.64 -0.05
Eigenvalues 4.57 2.29 1.19 3.429 2.189 1.744
EV (%) 45.70 22.94 11.90 34.30 21.90 17.44

Values in bold indicate significant contributions; EV = explained variance. Note: rotation done by
Varimax method.

X1 Encontro Nacional de Engenharia de Sedimentos 12



In the downstream cross section, PC1 accounted for 34.30% of the total variance and was
correlated with Fe, Mn, and Cr; PC2 accounted for 21.90% and was correlated with Pb, Cd, Zn, and
As; and PC3 accounted for 17.44% and was correlated with Cu, Ni, and Hg (Table 3). These results
suggest that heavy metals represented by PC1 were predominantly derived from natural sources—
except for Mn, which showed a similar pattern in the samples from the upstream site, reinforcing
the hypothesis that this element may be associated with both natural and anthropogenic sources.
The strongest contributions to PC2 were from Pb, Cd, Zn, and As; those to PC3 were from Cu, Ni,
and Hg—results that suggest these two are derived from different anthropogenic sources (as
supported by the data in Table 2 and Figure 3).

Of all the heavy metals, the highest concentrations found were of Mn and As in suspended
sediments at the upstream cross section. Previous research has suggested a mainly anthropogenic
source for Mn, but high Mn concentrations have been found in pristine rivers as well as polluted
ones. According to Andersson et al. (1998), high Mn concentrations might be associated with the
formation of authigenic particles in the aquatic environment. The enrichment might be provided by
natural processes, as observed by Ponter et al. (1992) in the Kalix River (Sweden). Between
possible explanations in Kalix River, the increase in Mn seems to be associated with the increase in
temperature (optimum range from 15° C to 30° C) under pH from 7 to 8, and the large quantity of
biogenic particles in suspended sediment. The optimum range for temperature was also observed in
upstream cross section in Ipojuca River (24 °C— 28.5 °C), as well as the presence of large quantity
of biogenic particles during the measurements. However, the pH was not evaluated in the study
period. Likely, it might have increased the oxidation rate of dissolved Mn and consequently the
concentration of Mn in suspended sediment of Ipojuca River.

The PCA for the samples from both sites suggest that the predominant source of As is
anthropogenic. Concentrations of As in samples from both the upstream and downstream sites
exceeded background values by 100%. These high concentrations might be associated with several
small industries close to the upstream site that produce leather products. At least 75.9 t day™ of
textile wastes are generated in the Ipojuca watershed (CPRH 2003), and arsenate and arsenite are
used in the production of dye stuffs and as a preservative for leather products (Thuong et al., 2013).

At the downstream site, both Pb and Zn represent a major concern and may be related to the
high vehicular traffic in the region—associated not only with sugarcane farms on both sides of the
river, but also with the nearby highway (roughly 50 m away). Both Pb and Zn found in urban soils
have been linked to tire residues (Kr¢mova et al., 2009). Pb has a long half-life in soils and
sediments, which may be another possible explanation for the high levels in suspended sediment.

According to Horowitz (2009), Pb is usually linked with petroleum and coal combustion products,
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such as tires and oil. Martinez & Polleto (2010), studying the distribution of Pb in urban sediments,
pointed out that commercial areas showed higher concentrations than industrial areas because of the
higher vehicle traffic. Further, the negative correlation between Cd (-0.94) and Pb (0.60) shown by
PC2 reflects Pb’s relative insolubility and high affinity for soil and sediment, in contrast to the
relative solubility and low binding energy of Cd (Banerjee 2003; Wong et al., 2006).

The major sources of Cd are untreated sewage sludge and wastewater from industrial and
agricultural activities. The major source of both Cu and Zn, found in high concentrations in the
suspended sediments, is most likely the sugarcane industry, with its large-scale use of
agrochemicals and fertilizers. Another factor that could be contributing to the increased
concentrations of all the heavy metals in the downstream cross section is the extraction of sand from
the bed layers (SRH 2010), a typical activity in that area which can lead to re-suspension of heavy

metals.

4. CONCLUSIONS

The results of the combined methods employed indicated that the suspended sediments of the
upstream portion of the Ipojuca River are moderately contaminated, with higher contaminant levels
for Mn and As; and that the sediments of the downstream portion are highly contaminated with
heavy metals, mainly Zn, Pb, and As. Principal component analysis distinguished natural from
anthropogenic sources of metals and also explained roughly 80% and 74% of the total variance in
suspended sediment quality in the upstream and downstream cross sections, respectively. At the
downstream site, both Pb and Zn represent a major concern and may be related to the high vehicular
traffic in the region—associated not only with sugarcane farms on both sides of the river, but also
with the nearby highway. Pb might be related to petroleum and coal combustion products, such as
tires and oil. Furthermore, the major source of both Cu and Zn, found in high concentrations in the
suspended sediments, is most likely the sugarcane industry, with its large-scale use of
agrochemicals and fertilizers. The comparison of our data with SQGs indicated that for the
upstream portion, it is the concentrations of Mn and Pb that are likely to pose a danger for
sediment-dwelling organisms, and for the downstream portion the most dangerous metals are Pb
and Zn. However, it is important to note that this comparison does not take into account the
potentially harmful effect of some heavy metals—a remarkable example being As, which does not
exceed either of the SQG guidelines (TEL/PEL or TEC/PEC), but does exceed the background
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values in 100% of measurements. For this reason, strategies for future remediation to protect
aquatic life and human health, must be based primarily on analysis of sediments and comparison
with background values.
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