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A B S T R A C T

In this present paper, the distribution of toxic metals and sediment quality were evaluated in five sampling
points of the Itapicuru-Mirim River located in the city of Jacobina, Bahia, Brazil. The concentration of the
elements arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), manganese (Mn),
nickel (Ni), lead (Pb), and zinc (Zn) were determined from sediment samples collected from the superficial layer
(0–10 cm) in November 2013. After the samples' total decomposition, the total concentration of metals was
determined by inductively coupled plasma optical emission spectrometry (ICP OES), except for Hg, which was
measured by inductively coupled plasma atomic emission spectrometry (ICP AES). A geochemical evaluation of
sediment quality was performed using enrichment factor (EF), geoaccumulation index (Igeo), and pollution load
index (PLIThe results of the total concentrations in the analyzed sediment samples were compared with the
threshold effect levels (TELs) and probable (PELs) effect levels (PELs) in sediment quality guidelines (SQGs). For
the fraction<75 μm, the decreasing order for the metal concentrations was (ppm): Fe (10.86%) > Mn
(120.8) > Cr (122) > Zn (76.5) > Pb (49.6) > Cu (32.6) > Ni (28.6) > Hg (0.31) > Cd (0.13). Igeo
suggested a moderate to seriously polluted category for Hg and moderately polluted for Cu. Generally, the results
indicated probable risks to the biota caused by Cr, Ni, Pb, and Hg metals. However, only Hg, Cd, and Cu were of
anthropogenic origin. Although the sediments are relatively preserved from pollution by these metals, there is a
progressive deterioration of this compartment downstream of the Itapicuru-Mirim River in the city of Jacobina.

The evaluation of the bottom sediment constitutes an important tool
of environmental monitoring, with it being able to reveal the current
and historical contamination of the region in study (Alloway and Ayres,
1997). They are related to the processes of geoaccumulation and
bioavailability of elements with potential toxicity from the drainage
basin, which can be made available to the water column from the
variation of the physical-chemical parameters, highlighting the poten-
tial redox and potential hydrogenation. The presence of elements such
as metals, pesticides, organochlorines, and polycyclic aromatic hydro-
carbons in the sediments can be from natural sources such as rock
weathering and volcanic eruptions, or anthropogenic activities, in-
cluding industrial production, burning of fossil fuels, domestic and in-
dustrial effluents, and mining processes, which compromise the quality

of the sediments by polluting them (Campos et al., 2015; Deng et al.,
2016).

When introduced into the aquatic environment, metals generally
tend to adsorb to the suspended material and then to the sediment at
the bottom of the body of water; they are found in larger amounts at the
bottom than when compared to the water column. However, the re-
suspension of sediments may enhance the availability of metals to the
water column, compromising its quality. The sediments of fine granu-
lometry present greater capacity of retention of metals due to their high
surface area and capacity of cation exchange, although the presence of
binders makes it possible to incorporate metals into sediments of larger
grain size (Yang et al., 2008; Kastratovic et al., 2016; Zhang et al., 2016;
Manju et al., 2020).
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There are different methods to evaluate the quality of the sediments,
including the determination of the total concentration of the metals,
although the behavior depends on the chemical species which influ-
ences the mobility and bioavailability (Da Silva Júnior et al., 2016).
However, there are other forms of analysis, such as the determination of
the geoaccumulation index proposed by Muller (1979), which makes it
possible to evaluate the level of pollution of the sediments. The En-
richment Factor (EF) proposed by Simex and Helz (1981) allows the
estimation of whether the presence of the metal is due to natural
phenomena or anthropic activity; the same is the case for the pollution
load index (PLI) proposed by Tomlinson et al. (1980). There are also
guide values for sediment quality proposed by the Canadian Council
Ministers of the Environment, namely TEL: Threshold Effects Level,
PEL: Probable Effects Level, and SEL: Several Effects Level (Silva Júnior
et al., 2016).

In Brazil, rivers have been serving as depositories of substances
originating from anthropic activity, which has stimulated studies to
quantify pollution by heavy metals, associate economic activities with
environmental impacts, identify sources of pollution, and foster the
development of technologies for pollution-control (Rios-Arana et al.,
2004; Santos and Jesus, 2014; Porto et al., 2014; Silva Júnior et al.,
2016).

The source of the Itapicuru-Mirim River is located in the city of
Miguel Calmon, in the state of Bahia, Brazil, receiving untreated ef-
fluents from Jacobina, 40 km from the source. In its drainage basin,
there is a gold-mining complex of a multinational company, which uses
part of these water resources. The waters of Itapicuru-Mirim are barred
in the city of Pedras Altas, 60 km downstream and serve as a supply for
the population. From this point, the river is called Itapicuru, with a total

length of 258 km and an elevation of 750 m and it flows into the city of
Conde, Bahia. Although there are studies of metals in the Itapicuru
River estuary in the literature, few of them are about the Itapicuru-
Mirim River (Guimarães et al., 2019).

Jacobina is a city in Bahia located in Piedmont of Chapada
Diamantina, with coordinates 11°10′ 50″ S and 40°31′06″ W at an
elevation of 463 m. This region corresponds to a geomorphological
transition area connecting the coast and the backlands of São Francisco
through the slopes of the Diamantina massif and entering the Chapada
Diamantina, Irecê, and Feira de Santana regions. With an estimated
population of over 84,000 inhabitants, it is known as “Golden City”
because of the presence of this element. It stands out in ecotourism for
the existence of> 40 waterfalls. It is crossed by the Itapicuru-Mirim
River in a west-east direction which served as a site of recreation for the
population in the early twentieth century but is currently eutrophic and
emanates a bad smell (Mestrinho et al., 2007; Zanata and Camelier,
2008).

The Itapicuru-Mirim River has a medium size, with an average an-
nual flow between 2.5 and 3.0 m3. However, the quality of its waters is
impaired by the lack of sanitary sewage in the cities of the region. It has
a number of local tributaries such as the Ouro River, which supplies the
city; the Catuaba River, an important drainage area in the western part
of the city of Jacobina; and the Antonio Teixeira Sobrinho lagoon, a
reservoir in the region that prevents floods from reaching the urban
area of the town (Mestrinho et al., 2007).

Situated near the Itapicuru-Mirim River is a gold mining company
that has two tailings dams, the first being closed because it has reached
its maximum capacity while the second is operating with the capacity
to store 13 million tons of tailings, occupying an area of 34 ha with

Fig. 1. Sediments collection points in the Itapicuru-Mirim river basin.
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55 m of height.
In this context, the objective of this study was to evaluate the

quality of the Itapicuri-Mirim River surface sediment in a gold mining
area in the town of Jacobina city using geochemical indices
(Enrichment Factor: EF, Geoaccumulation Index: Igeo, Pollution Loads
Index: PLI) in addition to comparing the data obtained with the sedi-
ment quality guidelines (SQGs), threshold effect levels (TELs), and
probable effect levels (PELs) established by the Canadian Council of
Ministers of the Environment (CCME).

In November 2013, samples of the sediment surface layer (0–15 cm)
were collected at five distinct points along the Itapicuru-Mirim River
drainage basin (Fig. 1): ITM-01 - Rio do Remo, near the access road of
the João Belo Mine which for decades has had open-pit exploration
(11°11′39″ S; 43°31′15″ W); ITM-02 - Itapicuruzinho Dam, one of the
water catchment points for the municipality of Jacobina (11°13′48″ S;
40°32′26″ W); ITM-03 - Nazaré District (11°11′06″ S; 40°31′27″ W);
ITM-04 - “Shade and Fresh Water” Spa (11° 12′14″ S; 40° 29′12″ W);
ITM-05 - Palmeirinha Village (11° 12′47″ S; 40° 22′15″ W). All points
were georeferenced using GPS (Global Position System, Garmin Etrex
10). The collected sediments were placed in polyethylene packaging
after the mechanical removal of coarse materials such as vegetable
waste. The samples were stored in thermal boxes and cooled to 4 °C for
transport and subsequent analysis.

The sediments were dried in an oven at 60 °C for 48 h and then dry-
sieved with a 1.5 mm mesh stirrer for aliquot extraction to determine
particle size analysis, total organic matter, and total concentration of all
metals.

Aliquots of 3 g of sediment were transferred to porcelain crucibles
and inserted into the muffle, remaining for 8 h at 450 °C for calcination
of the organic matter. After cooling, 1.5 g of the material was trans-
ferred to larger crucibles and subjected to 500 μm pore sieves. Samples
were transferred to 50 mL falcon tubes, and 20 mL of 0.1 mol L−1 so-
dium hexametaphosphate solution was added and transferred to a
shaker for 4 h to preclude particle aggregation. The reading was per-
formed on a laser particle analyzer (CILAS model 1064).

For this analysis, empty porcelain crucibles were taken to the muffle
furnace, kept for 6 h at 500 °C, and then placed in the desiccator for
cooling and weighing. In triplicate, 2 g aliquots of the dried pellet were
transferred to the crucibles to redo the previous procedure using the
sediment samples. The total organic matter is calculated through Eq.
(1).

= − ×
× −

OM P P
m P P

(%) ( ) 100
( )sample

1 2

1 (1)

OM is organic matter; P is the mass (g) of the crucible calcined at
500 °C; P1 is the mass of the sample + calcined crucible in grams; P2 is
the mass of the sample + calcined crucible at 500 °C; and msample is the
mass of the samples.

For partial acid digestion, 0.5 g of each sample were weighed in
triplicate and regia water (3 mL HNO3 + 9 mL HCl) was added to
falcon tubes. The tubes were taken to the digester block at 140 °C for
2 h. The extracts were filtered with paper, its volume was increased to
50 mL with Milli-Q water. All samples were treated in triplicate.

For determination of Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn contents,
0.5 g of each sample were placed in a Teflon tube (X-Press) to which
concentrated acids were added (9 mL of HNO3 + 4 mL HF + 2 mL
HCl). The extracts were kept at rest for 12 h at room temperature. Soon
after, they were placed in a microwave oven (Mars X-Press model) for
40 min (15 min-ramp and 25 min-hold) at 175 °C and 1600 W power,
adapted from EPA 3052 (U.S.EPA, 1994). After cooling (≈25 min),
25 mL of H3BO3 was added to neutralize HF. The tubes were returned to
the microwave for 25 min (15 min-ramp and 10 min-hold) at 170 °C.
After further cooling (≈25 min), the final extract was filtered on paper
and checked to a final volume of 50 mL with 0.5 N HNO3 in a volu-
metric flask. The metals were determined by ICP OES (Varian-Liberty

Series II model), and each sample was analyzed in triplicate. Accuracy
tests were performed using the certified marine sediment inorganic
standard (NIST 2702) and yielded the following recovery results: Al
(93%), Cd (91%), Cr (92%), Cu (100%), Fe (91%), Mn (90%), Ni (96%),
Pb (93%), and Zn (94%).

8 mL of regal water (3 HCl:1 HNO3) was added to aliquots of se-
diment. The extracts were put into a microwave (Mars X-Press model),
remaining for 25 min (10 min-ramp and 25 min-hold) at 95 °C and
1600 W power, adapted from Santos et al. (2005). After 30 min of
cooling, the paper extracts were filtered off and poured into 50 mL of
Milli-Q water in volumetric flasks. The readings were performed by ICP
OES with a detection limit of 1 μg g−1. For Hg readings, the Hg analyzer
with a detection limit of 0.4 ng g−1 was used. All samples were ana-
lyzed in triplicate. Accuracy tests with certified marine sediment in-
organic standard (NIST 2702) were performed and revealed 91% re-
covery for Hg and 95% for As.

The enrichment factor was calculated from the relative abundance
of elements in the Earth's crust to assess the magnitude of environ-
mental contaminants. The Eq. (2) proposed by Simex and Helz (1981)
was used to calculate the EF values.

=

′
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where (CM/CFe)sample is the ratio between the concentration of the metal
analyzed and the Fe content in the sample, while (CM/CFe)Earth’s crust

refers to the ratio in the composition of the earth's crust. As back-
ground, the values proposed by Taylor and McLennan (1985) were used
for world average of the rock surface.

EF values close to 1 suggest that the presence of the analyzed ele-
ment is due to crustal materials or natural weathering processes. Values
above 1.5 indicate that a significant amount of elements are derived
from non-crustal materials or unnatural weathering, suggesting an-
thropogenic contributions (Gao et al., 2010). The EF categories de-
termined by Birch (2003) were used, where: EF<1 implies non-en-
richment; EF<3 is “minor enrichment”; EF = 3–5 is “moderate
enrichment”; EF = 5–10 is “moderately severe enrichment”;
EF = 10–25 is “severe enrichment”; EF = 25–50 is “very severe en-
richment”; and EF>50 is “extremely severe enrichment”.

Pollution Loads Index (PLI) proposed by Tomlinson et al. (1980)
was also used to evaluate the sediment quality of the Itapicuru-Mirim
river basin. The PLI of a given sampling point is obtained by Eq. (3).

= × ×…×PLI CF CF CF( )n
nth

1 2
1/ (3)

where nth represents the number of metals investigated. To obtain the
CF, the formula “CF = metal concentration in sediment/background
concentration of the same metal” was used. PLI provides a simple
comparison form for assessing sediment quality. According to
Harikumar and Jisha (2010), value 0 indicates perfection and value 1
indicates only basal levels of pollutants, while values above 1 indicate
progressive deterioration of the site.

The geoaccumulation index (Igeo) is an important tool for assessing
the level of metal accumulation in sediments. It can be calculated using
the Eq. (4).

⎜ ⎟= ⎛
⎝ ×

⎞
⎠

I C
B

log
1.5geo

n

n
2 (4)

where Cn is the concentration of the metal in the sediment; and Bn is the
background value for the metal, being in this study the average of
metals in rocks proposed by Muller (1981). The factor 1.5 used in the
Eq. (4) compensates for possible background variations caused by li-
thogenic effects (Kastratovic et al., 2016). Igeo makes it possible to de-
fine seven pollution categories (Kim et al., 2018), according to Table 1.

The particle size analysis revealed that the samples from Rio do
Remo (ITM - 01), Nazaré (ITM - 03), Sombra & Água Fresca balneary
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(ITM - 04), and Palmeirinha (ITM - 05) correspond to the category of
sand or sandstone. Itapicuruzinho Dam (ITM - 02) corresponds to the
silica sand fraction (Fig. 2).

The presence of fraction<75 μm was not found in ITM - 01, while
in ITM - 02 this fraction corresponded to 29.8% of the sample, is the
point with the highest percentage of fine fraction. In ITM – 03, the
sediment was predominantly composed of medium sand particles, fol-
lowed by fine and coarse sand. In ITM - 04 and ITM – 05, the sediment
was predominantly medium sand, followed by fine sand and coarse
sand (Fig. 3). Organic matter content gradually increased in ITM - 01
(0.57%), ITM - 02 (2.3%), ITM - 03 (2.57%), ITM - 04 (2.7%), and ITM -
05 (2.71%). Only Zn in the fraction<1.5 mm had a statistically sig-
nificant correlation with OM content (p = 0.02). The sources of organic
matter in the Itapicuru-Mirim river sediments include native sources
from the vegetation present in its bed and allochthonous sources ob-
tained from the drainage basin through runoff and leaching. The release
of untreated effluents in the river causes phenomena of flotation and
eutrophication of the environment.

In the evaluation of the average concentration of metals in the
fraction<1.5 mm obtained from the total extraction, the decreasing
order was (ppm): Mn (641) > Cr (136.1) > Zn (20.7) > Ni
(11.9) > Pb (6.3) > Cu (5.0) > Hg (0.29) > As (0.15) > Cd
(0.12).

For the fraction<75 μm, the decreasing order for the metal con-
centrations was (ppm): Fe (10.86%) > Mn (120.8) > Cr (122) > Zn
(76.5) > Pb (49.6) > Cu (32.6) > Ni (28.6) > Hg (0.31) > Cd
(0.13). The As was not analyzed in this fraction.

Statistically significant spatial variation was found; the largest being
for the element Cr (CV = 101%) in the fraction< 1.5 mm and for Pb
(CV= 139%) in the fraction< 75 μm, and the smallest being for the Cd
(CV = 33.8%) in both fractions. The highest concentrations of metals
were detected in ITM - 05 and the lowest in ITM - 01 in the

fraction< 1.5 mm, while in the fraction< 75 μm, the highest and
lowest were in ITM - 03 and ITM – 01, respectively. Both fractions are
shown in Table 2.

Only Zn was below the detection limit (0.03 ppm) in ITM - 01 in the
fraction< 1.5 mm. In general, the metal concentrations were higher in
the fraction<75 μm, due to the higher capacity of the thin fractions to
adsorb metals. The lowest As concentration was found in ITM - 03 and
the highest in ITM - 04. The concentration of Cd was below the back-
ground at all points in the fraction<1.5 mm. For the fine fraction, only
in ITM - 03 was the value above the background, but below the TEL
threshold, without presenting imminent risks to the biota. For the Cu
element, concentrations were below AWR at all points and above TEL in
ITM - 03.

For Cr, concentrations in the fraction<1.5 mm were higher than
the background in ITM - 04 and ITM - 05. The PEL threshold was ex-
trapolated in the last three points, giving the possibility of damage to
the biota. The Fe concentrations were higher in the downstream points
of Jacobina, where the concentrations corresponded to 5.67% and
6.88% in the fraction< 1.5 mm, above the background used. For the
smallest fraction, ITM - 03 exhibited the second highest concentration.
Regarding Hg, except for ITM - 01 in the fraction<1.5 mm, all samples
were equal to or above the background. In the fine fraction, in the last
three points, the concentrations were between TEL and PEL.

The highest concentrations for Mn were at ITM - 05 for both frac-
tions, above the background. In other points, only in the ITM - 02 the
background was exceeded in the fine fraction. The Pb value was almost

Table 1
The geo-accumulation index (Igeo) scale.

Igeo Class Pollution intensity

< 0 0 Unpolluted
0–1 1 Unpolluted to moderately polluted
1–2 2 Moderately polluted
2–3 3 Moderately to seriously polluted
3–4 4 Seriously polluted
4–5 5 Seriously to very seriously polluted
5–6 6 Very seriously polluted

Fig. 2. Shapard diagram showing the granulometry of surface sediments.

Fig. 3. Grain percentage is surface sediments samples.
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twice above the PEL threshold near the João Belo mine (ITM - 01),
while in the other samples it was at concentrations below TEL. The Ni
concentrations were higher than PEL in ITM - 03 (Ni = 52.1 ppm) and
ITM - 04 (Ni = 49.6 ppm) in the fraction<75 μm, while for Zn only in
the ITM - 03 was the concentration between TEL and PEL
(Zn = 155.9 ppm).

Through the Simex and Helz equation, moderate enrichment for Cd
and Hg was detected in ITM - 01, ITM - 03, and ITM - 04. For the other
metals, EF values indicated no enrichment (Table 3). (See Table 4.)

In short, Igeo pointed to a moderately to seriously polluted category
for Hg and moderately polluted category for Cu.

The results of PLI (Fig. 4) indicate only the baseline level of pollu-
tants in ITM - 01, ITM - 02, and ITM - 03, while ITM - 04 and ITM - 05
were suffering progressive deterioration.

Concentrations ranged from 0.07 to 0.15 ppm at all points, which is
below the PEL value (5.6 ppm), suggesting no risk of biota con-
tamination. As (arsenic) is an element commonly found in gold deposits
and is described as present in high quantities in other gold mining re-
gions in Brazil, such as in the Velhas River basin, Minas Gerais state
which has concentrations of 2500 ppm (Pimentel et al., 2003; Bidone
et al., 2016; Aghadadashi et al., 2019). In the study, the Itapicuru-
Mirim river sediments were free of contamination by this element.

The Cd values ranged from 0.05 to 0.16 ppm of dry sediment in the
fraction<1.5 mm and from 0.06 to 0.27 in the fraction<75 μm, being
below TEL (0.6 ppm) at all points in both fractions. Cadmium con-
tamination was detected in the municipality of Santo Amaro, the State
of Bahia, originating from deactivated metallurgy (Machado et al.,
2012; Silva Júnior et al., 2016; Miranda and Anjos, 2018). There is no
literature on Cd contamination in the Itapicuru-Mirim river basin.

The Cr metal in the sediments studied ranged from 32.4 to
338.9 ppm in a fraction< 1.5 mm and from 45.5 to 282.6 in< 75 μm
of dry sediment. In the Sombra & Água Fresca balneary and
Palmeirinha, the concentrations extrapolated the PEL value. The region
has chromite hosted in the complete mafic-ultramafic Campo Formoso,
which is 40 km long and 1 km wide and extends from the western edge

of the Jacobina Mountains. Mining of this metal in the region represents
a risk of contamination to the environment and the population because
its hexavalent form is a strong carcinogenic suspect; however, ac-
cording to the calculated geochemical parameters, this element has li-
thogenic origin in the Itapicuru-Mirim river sediments (Dardenne and
Schobbenhaus, 2003; Baird and Cann, 2012).

The Cu concentrations ranged from 0.7 to 6.3 ppm in the frac-
tion< 1.5 mm and between 10.1 and 59.5 ppm in the
fraction< 75 μm. The highest value was found at the point of Nazareth.
In Bahia, TEL concentrations were reported in water reservoirs in
planting regions that use fungicides and pesticides (Corcino et al.,
2019).

The highest Fe concentrations were detected in the Sombra & Água
Fresca bathing resort. For the fraction<1.5 mm, the values ranged
between 0.94 and 6.8%, while for the fraction<75 μm, the variation
was between 4.5 and 15.6%. Although there are no references or,

Table 2
Concentration of metals in surface sediments in Itapicuru-Mirim River. Fe concentration is given in percentage (wt%).

Location metal ITM – 01 ITM – 02 ITM – 03 ITM – 04 ITM – 05 VGQ (CCME) Background

Fraction <1,5 mm <75um <1,5 mm <75um <1,5 mm <75um <1,5 mm <75um <1,5 mm <75um TEL PEL AWR AWS

As 0.15 – 0.14 – 0.07 – 0.22 – 0.15 – 5.60 17 1.8
Cd 0.16 0.02 0.05 0.10 0.13 0.27 0.12 0.20 0.16 0.06 0.60 3.5 0.2 0.22
Cu 0.71 35.10 3.33 33.87 3.66 59.51 6.32 24.49 2.23 10.17 35.7 197 55 45
Cr 35.06 50.43 32.41 41.51 51.82 121.34 338.92 282.66 220.57 114.51 37.3 90 100 90
Fe % 0.94 4.55 3.69 6.11 3.56 15.40 5.67 15.60 6.88 12.50 3.59 4.7
Hg <0.01 0.19 0.17 0.20 0.23 0.41 0.36 0.32 0.08 0.44 0.17 0.49 0.08 0.18
Mn 14.40 107.00 631.70 1613.20 416.20 118.30 604.00 923.20 1406.9 3281.90 950 850
Pb 2.53 173.00 11.41 13.46 5.82 26.72 6.61 19.97 5.43 14.91 35 91.3 12.5 20
Ni 2.13 4.44 8.90 16.05 10.81 52.14 21.38 49.56 13.70 20.96 18 35.9 75 68
Zn <LD 80.59 4.88 53.78 9.28 155.86 16.07 71.14 7.91 21.55 123 315 70 95

AWR: average world rocks.
AWS: average world sediment.

Table 3
Values of enrichment (EF) for the investigated metals.

Location metal ITM – 01 ITM – 02 ITM – 03 ITM – 04 ITM – 05

As 0.34 0.08 0.04 0.07 0.04
Cd 3.31 0.28 0.29 0.42 0.42
Cr 0.51 0.60 0.68 0.73 0.21
Cu 1.33 0.31 0.52 3.47 1.15
Hg 0.28 2.07 3.02 2.84 0.50
Mn 0.05 0.64 0.44 0.40 0.77
Pb 0.77 0.88 0.47 0.33 0.22
Ni 0.10 0.11 0.14 0.17 0.09
Zn – 0.06 0.13 0.14 0.05

Table 4
Geoaccumulation factors of heavy metals in the sediments of Itapicuru-Mirim
River.

Location metal ITM – 01 ITM – 02 ITM – 03 ITM – 04 ITM – 05

As −4.11 −4.20 −5.20 −3.61 −4.12
Cd −0.85 −2.39 −1.16 −1.25 −0.89
Cr −6.86 −4.63 −4.49 −3.70 −5.20
Cu −2.09 −2.21 −1.53 1.17 0.55
Fe −2.51 −0.54 −0.59 0.07 0.35
Hg −4.30 1.42 1.90 2.90 0.65
Mn −6.62 −1.17 −1.77 −1.23 −3.34
Pb −2.88 −0.71 −1.68 −1.50 −1.78
Ni −5.72 −3.65 −3.37 −2.39 −3.03
Zn 0.00 −4.42 −3.50 −2.70 −3.73

Fig. 4. Pollution load index (PLI) sediments of Itapicuru-Mirim River.

M.V.S. Santos, et al. Marine Pollution Bulletin 158 (2020) 111384

5



values established in the CCME for Fe, concentrations above 4% for this
metal place the sediments as the severely impacted. The origin of Fe is
associated with the ferro-manganiferous formations associated with
that are part of the Itapicuru geological complex, being identified as
unpolluted or moderately polluted the points ITM - 04 and ITM - 05,
respectively.

The Hg concentrations ranged from<0.01 to 0.36 ppm in the
fraction<1.5 mm and from 0.19 to 0.44 ppm in the fraction< 75 μm.
The geochemical data point to anthropic action as responsible for the
presence of this element. The concentrations of Hg above TEL were
detected in the Sombra & Água Fresca balneary and Palmeirinha, after
the confluence of the Itapicuru-Mirim river with the Ouro River. In the
first, there is still the presence of six gold mining sites, while in the
second the practice is suspended. The Mn ranged from 14.4 to
1406.9 ppm in the fraction<1.5 mm and between 107 and
3281.9 ppm in the fraction< 75 μm. The largest contractions were
found in the Palmeirinha sediment. There are no reference values for
sediment quality in relation to Mn; however, even though the con-
centrations obtained in the last two points were above the established
background, an anthropic influence for this element was not demon-
strated by the geochemical calculations. In the Jacobina region, there
are four Mn deposits mined together with gravel for commercial use.

The Pb presented the highest concentration variation coefficient
among the metals analyzed in the fine fraction. In this fraction, their
values ranged from 13.4 to 73 ppm, while in the fraction< 1.5 mm
they ranged from 2.5 to 11.4 ppm. In sediments near João Belo, the Pb
extrapolated the value of PEL, posing a risk to the biota. The hypothesis
raised here is that this concentration is related to the use of lead azide in
mining explosives in the open blasting which occurred near this sam-
pling site until the late 2000s. The Ni was found in the analyzed sedi-
ments in the range of 2.1 to 21.3 ppm in the fraction< 1.5 mm and in
the range of 4.4 to 52.1 ppm in the<75 μm fraction. Concentrations
above PEL were found in surface sediments in Nazaré and the Sombra &
Água Fresca balneary, pointing to the impairment of the nutrient cy-
cling microbiota.

Zn was present in the sediments of the Itapicuru-Mirim River in the
range of 4.8 to 16 ppm and 21.5 to 155.8 ppm in the fractions< 1.5
mm, and<75 μm, respectively. It is under the detected level in frac-
tion<1.5 mm in ITM – 01. Only the sediments of the Nazaré neigh-
borhood showed Zn concentration above TEL. Its presence is commonly
related to the oxidation of organic substrates, which are mobilized to
the water column under anoxic conditions.

The growth of gold exploration in the study area, as well as the
urban growth of the city of Jacobina, stimulated the search for the
possibility of pollution in the Itapicuru-Mirim river sediments. Metals
may be present in this compartment from natural or anthropogenic
sources such as wastewater, sewage, pesticides, tourism, or industrial
effluents (Mestrinho et al., 2007).

To evaluate the anthropogenic contribution of metals in the
Itapiciru-Mirim river sediment, the geochemical parameters geoaccu-
mulation index (Igeo), the pollution load index (PLI), and the enrich-
ment factor (EF) were used. The Fe was used for metals normalization
by comparing the lithogenic/anthropogenic origin of the metals and
understanding the geochemical variation of the Itapicuru-Mirim river
sediments. Due to the scarcity of similar studies in this part of the
Itapicuru-Mirim river basin, as well as the lack of prior determination of
background values in the literature, the average value of metals present
in the Earth's crust was adopted.

The values of the geoaccumulation index in sediments for arsenic,
cadmium, chromium, manganese, lead, nickel, and zinc belong to the
class of “0” for all five sampled locations. This means that the sediment
is not contaminated by these metals.

The geoaccumulation index for copper (ITM – 05), iron (ITM – 04
and ITM – 05), and mercury (ITM – 05) belong to the class “1”, in-
dicating that the sediment is unpolluted to moderately polluted by
these metals. Moderate pollution (class “2”) occurs for copper (ITM –

04) and mercury (ITM – 02 and ITM – 03). Moderately to seriously
polluted occurs only for mercury at Sombra & Água Fresca balneary.

The pollution load index represents the total contribution of the
investigated metal contamination levels in the sediment. PLI values
indicate baseline levels of pollutants present in sediments of João Belo,
Itapicuruzinho dam, and Nazaré neighborhood (ITM – 01, ITM – 02,
and ITM – 03, respectively). Progressive deterioration of the site were
shown in sediments of Sombra & Água Fresca balneary and
Palmeirinha. These points are downstream from the urban area, re-
ceiving water drained from the rainwater network, mining areas, and
domestic sewage discharged without prior treatment. There is an ef-
fluent treatment plant under construction in the city which could
contribute to minimizing the deterioration of these sediments, but the
works are paralyzed due to technical difficulties resulting from the
geomorphology of the site.

Enrichment values are given in Table 3. The anthropogenic influ-
ence is expressed through the EF values for nine studied elements in the
surface sediment of Itapicuru-Mirim River, which decrease in the fol-
lowing order: Hg > Cu > Cd > Cr > Pb > Mn > As>Ni > Zn.
The arsenic, chromium, manganese, lead, nickel, and zinc come only
lithogenic sources, without any anthropogenic origin. Copper con-
centrations are at the lowest levels for two sampling points while
cadmium and mercury are of moderate enrichment in just one location.
However, mercury shows minor enrichment in two locations (ITM – 01
and ITM – 05).

The contents of studied metals in the sediments of Itapicuru-Mirim
River in nature fraction (< 1.5 mm) decrease in the following order: Fe
(4.1%) > Mn (614.60) > Cr (135.70) > Ni (11.30) > Zn
(7.60) > Pb (6.30) > Cu (3.20) > Hg (0.17) > As (0.14) > Cd
(0.12). Considering only the<75 μm fraction, the contents of metals
decrease in following order (metals/ppm): Fe (10.8%) > Mn
(1208.00) > Cr (122.00) > Zn (76.50) > Pb (49.60) > Cu
(32.60) > Ni (28.60) > Hg (0.31) > Cd (0.13).

The values of geoaccumulation index of sediments for arsenic,
cadmium, chromium, manganese, lead, nickel and zinc show that the
sediment is not contaminated with these metals. The geo-accumulation
index showed that the sediments were unpolluted to moderately pol-
luted with Cu (ITM – 01), Fe (ITM – 04 and ITM – 05), and Hg (ITM –
05). The sediments were moderately polluted for the Cu (ITM – 04) and
Hg (ITM – 02) while for the mercury, the Sombra & Água Fresca
balneary were classified as moderately to severious polluted.The values
of the pollution index (PLI) indicate the presence of a basic level of
contamination and progressive deterioration in the sediments of
Itapicuru-Mirim River for all ten of the analyzed metals, and the rates at
the sampling locations decrease in the following order: Sombra & Água
Fresca balneary (ITM – 04) > Palmeirinha (ITM – 04) > Nazaré (ITM
– 03) > Itapicuruzinho dam (ITM – 02) > João Belo (ITM – 01).

From the values obtained by the enrichment factor (EF), it can be
concluded that As, Cr, Mn, Pb, Ni, and Zn have only lithogenic origins.
The mercury, however, does moderately to severely burden the sedi-
ments of Itapicuru-Mirim River.

The sediments collected in the Itapicuruzinho Dam have the highest
potential to adsorb metals due to the higher percentage of silt + clay
fraction (30%). However, the geochemical data point to being affected
only by the presence of anthropogenic mercury related to the artisanal
exploitation of gold carried out since the 17th century.

The results indicate that although the study area is close to a gold
mining venture, the Itapicuru-Mirim river sediments are relatively
preserved and are anthropically impacted only by the presence of
mercury due to the history of gold panning and the possible presence of
domestic sewage or agricultural additives. However, there is an onset of
deterioration in their quality downstream from the city of Jacobina.
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