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Abstract 
Sediments preserve environmental information at the time 
of  deposition which is a useful tool to evaluate the extent of  
the environmental change from its pristine condition. We 
evaluated historic environmental trends in the sedimentary 
record by analysing three sediment cores collected within the 
freshwater region of  Patos Lagoon (southern Brazil). As, Ba, 
Cr, Cu, Ni, Pb, and Zn were analysed by inductively coupled 
plasma optical emission spectrometry. C/N ratios and δ13C 
values were also determined. Contamination indices such as 
Enrichment Factor, Geoaccumulation Index, Sediment 
Pollution Index and Pollution Load Index were calculated to 
evaluate the influence of  anthropic activities. Multiple-
elemental indices showed a general overview of  the 
environmental conditions of  the lagoon throughout time. 
Furthermore, single-element indices explained which 
elements triggered the observed changes in the 
environmental trends. Near Camaquã River mouth, we 
inferred fairly undisturbed conditions and did not seem to 
be affected by the mining activities upstream Camaquã River. 
The influence of  these activities was observed upstream the 
lagoon, between Camaquã and Guaíba rivers, probably as a 

consequence of  the hydrodynamics of  the lagoon. 
Especially, As, Ba and Pb showed moderately polluted levels 
after 2009 AD. In Guaíba site, a progressive deterioration of  
the lagoon quality was observed after 1980 reaching the 
worst environmental degradation by 2000 AD. However, 
Enrichment Factor values only showed moderate pollution 
levels suggesting a considerable dilution process within the 
system given its large size. Similar δ13C signature was 
observed in the whole lagoon prior to the anthropogenic 
influence. However, such a condition changed differentially 
after the anthropogenic fingerprint. Recent sediments 
reflected a shift in the plant cover, and particularly in Guaíba, 
the influence of  urban and industrial activities of  Porto 
Alegre City were reflected in the sedimentary record. 
Overall, metals together with organic matter composition 
proxies allowed us to determine the anthropic-related 

changes in Patos Lagoon.  
 
 

Keywords: Heavy Metals. δ13C. Anthropic Impact. Multi-

Proxy Approach. Pollution Indices. Coastal Area. 
 
 
1. Introduction  

Understanding the main integrated processes occurring 
in aquatic systems is the key to an accurate evaluation and 
management. However, for most of the aquatic systems 
long-term historical environmental information is rarely 
available (Skilbeck et al., 2005). In this sense, the advantage 

of sediments in the assessment of environmental status is 
that they preserve information of the environmental 
conditions at the time of deposition. Depending on the 
resolution aims, sediments are appropriate to assess 
environmental changes at scales of variability of hundreds or 
even thousands of years of undisturbed information 
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(Skilbeck et al., 2005; Birch, 2007; 2017; Birch and Olmos, 
2008). As there is no single parameter suitable to explain the 
spectrum of conditions prevailing during the sedimentation 
process, a multi-proxy approach provides a sound and 
reliable holistic overview of environmental change (Smol, 
2007). 

In order to evaluate the magnitude of human-induced 
changes, it is necessary to assess background levels to 
determine to what extent the environment has changed from 
its pristine condition. In this sense, a widely used set of 
proxies to assess past environmental conditions is the 
concentration of trace metals throughout a sediment core 
(Birch, 2017). The metalloid Arsenic (As) and trace metals 
such as Barium (Ba), Chromium (Cr), Copper (Cu), Lead 
(Pb), Nickel (Ni) and Zinc (Zn), among others, are either 
naturally found in aquatic systems or transported as a 
consequence of anthropogenic processes. All these elements 
are toxic (over threshold levels) with potential negative 
effects on biological populations, even at low concentrations 
(Sutherland, 2000; Mirlean et al., 2003; Birch, 2013). The 
organic matter content stored in the sediments, as well as its 
isotopic signature, also helps to reconstruct past 
environmental conditions such as hydrologic flows and 
sedimentary processes, including anthropogenic 
modifications to the natural system (Meyers, 2003). In 
particular, sedimentary C/N ratios and δ13C values in the 
organic matter, retain source signatures which remain 
preserved over long periods of time despite some possible 
early diagenetic modifications (Meyers, 1994).  

Patos Lagoon located in southern Brazil, is the world’s 
largest choked coastal lagoon. It exhibits two different 
regions: the freshwater and the estuarine zone. The estuarine 
boundary is set by Ponta da Feitoria close to Pelotas City, 70 
km away from the connection to the Atlantic Ocean (Moller 
et al., 1996). Due to its ecologic and economic significance, 
the estuarine region has been deeply studied based on 
different variables such as stocks and sources of carbon 
(Patterson, 2016), metals in sediments (Niencheski et al., 
2004a), dissolved inorganic nutrients, organic pollution 
(Niencheski et al., 2004b), eutrophication, phytoplanktonic, 
zooplanktonic and ichthyofauna communities (Odebrecht et 
al., 2010, 2013), among others. However, the freshwater 
region of the lagoon (beyond Ponta da Feitoria) is less 
studied and only few data are available. For this region, 
studies are mainly focused on artisanal fisheries (Kütter et 
al., 2008; Ceni et al., 2016). Sedimentary metals were studied 
just for surficial sediments (Baisch and Wasserman, 1998), 
and the isotopic signature of the organic matter was analysed 
in order to provide information for trophic studies 
(Claudino et al., 2013). Furthermore, past environmental 
information or background levels for these variables are 
currently unavailable. Despite the ecological and economical 
importance of this area, this is the first analysis that considers 
the environmental quality and anthropic impact in the 
lagoon from a time-integrating perspective. Therefore, in the 

present work we attempt to infer historical human impacts 
from three sediment cores distributed within the freshwater 
zone of Patos Lagoon using the sedimentary elements: As, 
Ba, Cr, Cu, Ni, Pb, and Zn, as well as C/N ratios and δ13C 
values as proxies. 

 

1.2 Study area 

Patos Lagoon (30°13’ S, 50°35’ W – 32°10’ S, 52°061’W), 
with an area of 10,200 km2 is the world largest choked 
coastal lagoon (Kjerfve, 1986). It is located in Río Grande 
do Sul state, southeast of Brazil (Fig. 1). In the southernmost 
region, the lagoon is connected with the Atlantic Ocean 
through the Río Grande channel, creating an estuarine 
environment of great ecological complexity, with high 
biological productivity and great economic and tourist 
importance (Odebrecht, et al., 2013; Seeliger, 2004). 
 

 

Fig. 1. Patos Lagoon located in southern Brazil. Line shows the 
boundary between the estuary and the freshwater region. 

 

The discharge of the lagoon varies between 700 
and 3000 m 3s - 1 , with a greater freshwater influence in 
winter and spring. During the years influenced by El Niño 
events, the flow entering the lagoon significantly exceeds the 
average values, with direct consequences on the 
biogeochemical processes of the sediments, and water 
circulation (Seeliger and Costa, 2002). The hydrodynamics 
of the lagoon depends mainly on the relationship between 
fluvial discharge and wind action (Moller et al., 1996; 
Fernandes et al., 2002). In southern Brazil, the influence of 
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the Atlantic anticyclone causes the dominant north-eastern 
winds throughout the year (Stech and Lorenzzetti, 1992).  

Regarding the sediment distribution, Patos Lagoon is 
dominated by silty facies, while clay facies are restricted to 
the southern region. In the transition zone between the main 
lagoon and the estuarine domain, both margins and the 
lagoon bed are covered by a wide deposit of fine sand 
(Calliari et al., 2009). Patos Lagoon is a sedimentary 
environment that receives freshwater with high 
concentration of suspended material from eight sub-basins, 
being the main contributors Guaíba and Camaquã rivers 
(Baisch and Wasserman, 1998).  

The main activities near Guaíba River are concentrated 
in the urban area of Porto Alegre (the state capital with over 
1.4 million people), where several industrial facilities are 
located, and use this river for effluent discharge (Dias 
Prestes and Quadros Rückert, 2017). On the other hand, 
Camaquã River drainage basin presents very low urban 
density where the only significant industrial activity is the 
exploitation of metallic sulphide minerals such as barite, 
pyrite, chalcopyrite, bornite and hematite (Baisch and 
Wasserman, 1998; Renac et al., 2014). Also, there has been 
an increased agricultural development in the area, with the 
irrigated rice production constituting one of the most 
important agricultural activity (Lima et al., 2011). 
 

2. Material and methods 

2.1 Collection of samples 

All sediment cores were collected in February 2014. 
Sediment core G4 was collected in Guaíba River, near Patos 
Lagoon and cores PT4 and PT7 were collected in the 
freshwater zone of Patos Lagoon (Fig. 1). Cores 
characteristics and coordinates are shown in Tab. 1. All cores 
were longitudinally sectioned every 1 cm and samples were 
preserved in LaQIMar (Laboratório de Química Inorgânica 
Marinha), at Universidade de São Paulo, Brazil. 
 
Tab. 1. Cores length, coordinates and depth of collection. 

Core Length 
(m) 

Latitude Longitude Depth 
(m) 

PT7 3.55 31º 26' 52"S 51º 40' 10"W 6.44 

PT4 3.79 31º 01' 55"S 51º 18' 04"W 5.69 

G4 0.92 30º 18' 39''S 51º 05' 41''W 4.45 

 

2.2 Geochronology 

Considering that Patos Lagoon is a very large and 
dynamic system, CRS model based on unsupported 210Pb, 
which assumes a variable sedimentation rate (Appleby and 
Oldfield, 1983), was used for chronology assessment. The 
chronological model was validated with 137Cs data. Analyses 
were performed in LaQIMar, Universidade de São Paulo, 

Brazil. For this purpose, approximately 10 g of sediment 
were transferred into air-sealed cylindrical polyethylene 
containers for gamma counting in an EG&G ORTEC® 
low-background gamma spectrometer (hyperpure Ge, 
model GMX25190P).  

Sedimentation rate was calculated according to the 
following formula: 

𝑉(𝑧) =  𝜆
1

𝜌
(

I(210Pbxs)𝑡 − I(210Pbxs)𝑧

(210Pbxs)𝑧
) 

Where: V(z) is the sedimentation rate at depth Z (cm yr-1). λ is 
the decay constant of 210Pb (yr-1). ρ is the sample density (g 
cm-3), calculated according to Ferreira et al. (2013). 
I(210Pbxs)z is the 210Pbxs inventory from top to depth Z (Bq 
cm-2). I(210Pbxs)t is the 210Pbxs inventory in the sediment core 
(Bq cm-2). 210Pbxs(z) is the 210Pbxs activity at depth Z (Bq kg-1). 

The quality control of the method was evaluated through 
the determination of the radionuclides 210Pb, 226Ra and 137Cs 
in three certified reference materials: IAEA-326 (soil), 
IAEA-327 (soil) and IAEA-385 (marine sediment). 
 

2.3 Metal determination 

Total digestion of the sediments was performed in 
LaQIMar (Laboratório de Química Inorgânica Marinha) at 
Universidade de São Paulo, Brazil following the EPA 3052 
protocol (USEPA, 1996). The method consists of a 
microwave digestion with strong acids. First, HNO3 and 
then HF to completely dilute silicates (Loring and Rantala, 
1992). Finally, H2O2 is added to completely eliminate organic 
matter. To evaluate the accuracy of analyses, the certificated 
reference material SS-2 EnviroMAT and blanks were 
analysed following the same protocol. The sample solutions 
were analysed by Inductively Coupled Plasma-Optical 
Emission Spectrometer (ICP-OES) Varian model 710ES. 
Detection limits are shown in Tab. 2. 
 

2.4 Organic matter proxies 

Samples free of carbonates (previously removed by 
acidification) were analysed for δ13C and total organic carbon 
(TOC). Bulk samples (not acidified) were used for total 
nitrogen (TN) analysis. Between 6 and 8 mg of lyophilised 
sediments were placed in tin capsules and then analysed 
using a Thermo Scientific Delta V Advantage Isotope Ratio 
MS (EA-IRMS) coupled with a Costech Elemental Analyser 
at Universidade de São Paulo, Brazil. The reference standard 
for δ13C was the Vienna Pee Dee Belemnite (VPDB). The 
C/N ratio was calculated considering the ratio between TOC 
and TN which will be here referred to as C/N throughout 
the text. 
 

2.5 Indices calculation 

To investigate the influence of anthropogenic activities 
in Patos Lagoon, single-element indices: enrichment factor 
(EF) (Szefer et al., 1998) and Geoaccumulation Index (Igeo) 
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(Müller, 1986) were calculated. Multiple-element indices 
were also applied: Sediment Pollution Index (SPI) (Singh et 
al., 2002), and Pollution Load Index (PLI) (Tomlinson et al., 
1980).  

Enrichment Factor (EF) was calculated according to 
Szefer et al. (1998) as follows:  

FE =

[
Cx
CN

]
stratum

[
Cx
CN

]
base

 

Where: Cx is the concentration of element X and Cn is 
the concentration of the normalising element. 

In order to avoid the effect of grain size variability on 
metal concentration, data were element-normalised using 
Scandium (Sc). This element is associated with fine grained 
sediments and is considered a non-contaminating element 

and rarely introduced to the environment by anthropogenic 
activities (Loring, 1988; Loring and Rantala, 1992). 

Sediments were classified according to Sutherland, (2000) 

(Tab. 3) and the exception observed by Baisch and 

Wasserman, (1998) who established some levels of impact 

for Patos Lagoon at EF values higher than 1. 

Geoaccumulation Index (Igeo) was calculated according 

to Müller (1986) following the equation:  

Igeo = log2 [
Cn

Bn x 1.5
] 

Where Cn is the concentration of  metal n in the stratum 

and Bn is the basal concentration of  the element. 1.5 is used 

to avoid possible changes in the concentration due to 

lithogenic variance. 

 
Tab. 2. Reference and analytically obtained values for the reference certified material SS-2 EnviroMAT. For Method EPA 3052, Method 
Detection Limits (MDL) and Method Quantification Limits (MQL). SD – Standard Deviation. All values in mg kg-1 

Element Reference 
value 

Confidence interval 
(95 %) 

Tolerance interval Average 
obtained 

SD MDL MQL 

As 78 62 94 5 151 72 9 0.53 2.66 

Ba 650 594 706 380 920 419 24 0.11 0.55 

Cr 58 51 65 21 95 43 3 0.12 0.60 

Cu 198 189 207 155 241 158 12 0.19 0.95 

Ni 59 55 63 42 76 43 5 0.24 1.19 

Pb 148 130 166 63 233 89 8 0.40 1.98 

Sc        0.10 0.50 

Zn 509 479 539 362 656 420 34 0.39 1.93 

 
 

Tab. 3. Enrichment factor classification according to (Sutherland, 
2000). 

EF Value Classification 

EF < 2 Minimal enrichment. Suggests null or 
minimal contamination. 

2 < EF < 5 Moderate enrichment 

5 < EF < 20 Significant enrichment 

20 < EF < 40 Very high enrichment, indicating high 
level of contamination 

EF ˃ 40 Extremely high enrichment, indicating 
extreme contamination 

 
Considering the different values of  Igeo, Müller (1986) 

proposed seven classes corresponding to different levels of  
sediment contamination (Tab. 4).  

SPI is an index which integrates the relative toxicity of 

different metals, and was calculated according to Singh et al. 

(2002) following the formula: 

SPI =
∑(EFm ∗ Wm)

∑ Wm
 

Where EF: enrichment factor of metal m in the sample, 
W: toxicity weight of metal m (i.e., Cr and Zn = 1, Ni and 

Cu = 2, Pb = 5). According to the SPI values obtained, the 
sediments were classified into the categories established by 
Singh et al. (2002) (Tab. 5). 

 
Tab. 4. Sediment classification according to the Geoaccumulation 
Index (Müller, 1986).  

Igeo Value Class Classification 

˂ 0 0 Unpolluted 

0-1 1 Unpolluted to moderately polluted 

1-2 2 Moderately polluted 

2-3 3 Moderately to strongly polluted 

3-4 4 Strongly polluted 

4-5 5 Strongly to extremely polluted 

˃ 5 6 Extremely polluted 

 
PLI index was calculated following the equation 

proposed by Tomlinson et al. (1980): 

PLI = √CF1 · CF2 · CF3 · … … . . · CFn  
𝑛

 

Where: CF is the contamination factor for each metal, 
and calculated as Cs/Cb (concentration in the stratum/base 
value concentration)  
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According to these authors, this index provides a simple 
and comparative mean for assessing estuarine quality. A 
value of 0 indicates pristine conditions, 1 that only baseline 
levels of pollutants are present, and values higher than 1 
would indicate progressive deterioration of the estuarine 
environmental quality. 
 

Tab. 5. SPI classes established by Singh et al. (2002) and used in 
the present study. 

Class SPI Classification 

SPI0 0 – 2 Natural sediments 

SPI1 2 – 5 Low polluted sediments 

SPI2 5 – 10 Moderately polluted sediments 

SPI3 10 – 20 Highly polluted sediments 

SPI4 > 20 Dangerous sediments 
 

2.6 Statistical analyses 
Correlations were assessed using the Pearson correlation 

coefficient. Box cox transformation and standardisation 
were previously performed to approach the data to a normal 
distribution. 

3. Results 

3.1 Geochronology 

The age of  the different intervals of  the sedimentary 
profile was derived by utilizing the CRS model obtained 
from the 210Pb activities (Bq Kg-1) (Fig. 2). 

According to the CRS model, the sedimentation rate of  
PT7 varied from 0.04 to 1.19 cm yr-1, with an average of  0.44 
± 0.08 cm yr-1. On the other hand, PT4 sedimentation rate 
ranged between 0.28 and 1.45 cm yr-1 with an average of  0.55 
± 0.01 cm yr-1. In G4, sedimentation rate varied between 
0.04 and 1.08 cm yr-1 with an average of  0.42 ± 0,06 cm yr-1.  

In order to calculate the age of  the entire sedimentary 
column, the years obtained for each core were adjusted to a 
third-degree polynomial equation (R2 higher than 0.98 in all 
cases).  
 

3.2 Metal-based indices 

Values obtained from the reference material SS-2 
EnviroMAT were always satisfactory and lied within the 
data-range recommended by the manufacturer (Tab. 5). 

 

Fig. 2. 210Pb activities (Bq Kg-1) and accumulation rates (v (cm yr-1)) for PT7, PT4 and G4. 
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3.2.1 Enrichment Factor (EF) 

Enrichment factor (EF) was calculated for the potentially 
contaminating elements: As, Ba, Cr, Cu, Ni, Pb, and Zn for 
each core. Results are shown in Figures 3, 4 and 5 for PT7, 
PT4 and G4 respectively. 

In PT7, EF did not exhibit noticeable variation along the 
core, and the values for the different elements were close to 
1 in all cases, except for a little variability observed between 
the 1940s and 1960s (Fig. 3).  

In PT4, values were close to 1 prior to 2009. After 2009, 
a constant increase was observed, reaching the highest EF 
value in 2015 for all elements (Fig. 4). In this sense, 
maximum detected EF values were: As = 3.99, Ba = 4.43, Cr 
= 1.69, Cu = 1.77, Ni = 1.61, Pb = 2.46 and Zn = 1.69. 

In core G4, EF values were close to 1 until approximately 
1989. Between 1990 and 2000 EF reached the highest values 
for all elements, and after 2000 a slow decrease in the values 
was observed but remained fairly constant at levels higher 
than those of  the baseline (Fig. 5).

 

 
Fig. 3. Enrichment factor calculated for elements: As, Ba, Cr, Cu, Ni, Pb, and Zn for sediment core PT7. 

 

 

3.2.2 Geoaccumulation Index (Igeo) 

According to the Igeo classification (Müller, 1986), PT7 
sediments were classified as unpolluted, as all elements 
presented Igeo results either below 0 or slightly higher. PT4 
presented natural and unpolluted sediments for Cr, Cu, Ni, 
Pb and Zn. However, for As and Ba, Igeo values were higher 
than 0 in the top 4 cm, with values ranging from 0.13 to 0.41. 
G4 showed values above 0 from 1989. In this sense, As 
presented increased values from approximately 1989 and Ba 
and Zn near 1993. From around 2000 to the most recent 

sediments, all analysed elements presented Igeo values 
higher than 0. Minimum and maximum Igeo results for all 
cores are shown in Tab. 6.  
 

3.2.3 Sediment Pollution Index (SPI) 

Overall, the three sediment cores exhibited either natural 
or non-contaminated sediments, with SPI values <2. Despite 
this, the observed trend is different in all the analysed cores 
(Fig. 6). In this sense, PT7 presented the highest values 
between the 1940s and the 1960s. However, in PT4 and G4 

https://en.wikipedia.org/wiki/Equals_sign#Approximately_equal
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Fig. 4. Enrichment factor calculated for elements: As, Ba, Cr, Cu, Ni, Pb, and Zn in sediment core PT4. 

 

 

Fig. 5. Enrichment factor calculated for elements: As, Ba, Cr, Cu, Ni, Pb, and Zn in sediment core G4. 
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highest values are found in the last decades. In PT4, there is 
an increasing trend after 2009, to values near 2 in the 
uppermost strata. In G4, constant values (near 1) are 
observed until approximately 1985. Then, values increased 
until 2000, finally decreasing to constant values but still 
higher than baseline’s conditions (Fig. 6). 

3.3 Organic matter composition 

Regarding δ13C values (Fig. 7A) for the three analysed 
cores, PT7 core presented constant values from the base 

until approximately 1940 (-20.45 ± 0.11 ‰). Then, a slight 
change is observed in the trend, with values ranging from -
22.16 ‰ and -20.24 ‰. PT4 showed constant values from 
the base until approximately 1975 (-21.15 ± 0.17 ‰). After 
1975, values became more variable ranging between -22.54 
‰ and -20.63 ‰. In G4, between 1863 and 1931 values 
displayed an average of  -20.08 ± 0.33 ‰. After that, a 
variable trend was observed with decreasing values up to 
1958, then increasing up to 1975 and finally decreasing again 
reaching its minimum at the top stratum (-24.85 ‰).  

 

 

Fig. 6. SPI values for the three analysed sediment cores. 

 

Tab. 6. Minimum and maximum Igeo values calculated for PT7, PT4 

and G4 sediment cores. 

Cores PT7 PT4 G4 

Elem. Min Max Min Max Min Max 

As -1.10 -0.07 -1.53 0.41 -0.99 0.59 

Ba -1.15 0.20 -1.20 0.37 -1.35 0.79 

Cr -0.87 -0.25 -1.35 -0.46 -0.79 0.80 

Cu -0.95 0.17 -1.27 -0.36 -0.80 0.66 

Ni -0.76 -0.16 -1.56 -0.46 -0.72 0.62 

Pb -0.90 -0.16 -1.02 -0.23 -0.81 0.40 

Zn -0.75 0.06 -1.14 -0.43 -0.68 0.56 

 

3.2.4 Pollution Load Index (PLI) 

PT7 and PT4 presented values close to 1, which 
correspond to baseline levels (Tab. 7). However, G4 
presented a progressive deterioration of  estuarine quality 
with values always higher than 1 from approximately 1980, 
and above 2 from approximately 2000. 

For total organic carbon (TOC) (Fig. 7B), PT7 presented 
constant values along the core (1.43 ± 0.08 %). Until 
approximately 2010, PT4 also showed similar values 
throughout the core (1.51 ± 0.11 %) but with evident small 
peaks by mid 1970s (1.76 %), and by the end of  the 1980s 

(1.80%), and thereafter decreasing values reaching the 
minimum at the top stratum (0.72 %). In G4, total organic 
carbon values were variable and without a clear trend. In this 
sense, by the end of  the 19th century, values were close to 1 
with an average of  1.1 ± 0.09. During the 20th century TOC 
ranged from 0.61 to 2.11, increasing constantly after 2000, 
and reaching the maximum in the top stratum (2.53 %). 

Organic matter source for the three sites was inferred by 
using a modified model of  the δ13C vs. C/N plot sensu Lamb 
et al., (2006) (Fig. 8). PT7 and PT4 presented similar organic 
matter sources associated with phytoplankton and C3 
terrestrial plants. G4 presented a similar pattern until 
approximately 1984. Then, the signature of  the organic 
matter changed, showing increased freshwater and terrestrial 
influence (Fig. 8). 

 
Tab. 7. Minimum and maximum PLI values calculated for PT7, 

PT4 and G4 sediment cores. 

PLI PT7 PT4 G4 

Min 0.87 0.80 0.89 

Max 1.33 1.09 2.09 

 
Correlations for all the analysed organic and inorganic 

variables in PT7, PT4 and G4 are shown in Tables 7, 8 and 
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9 respectively. In PT7, significant correlations were observed 
between Cr, Ni, Pb and Zn. No correlation was observed 
between metal concentration and organic matter proxies 
(Tab. 8). In PT4, Cr and Ni presented the strongest 
correlation. A positive correlation was also observed with 
Zn. TOC correlated only with Zn and to a lesser extent with 

Ni and Cu. Sc, element associated with fine-grained 
sediment was positive correlated with Cr and Ni (Tab. 9).  

In G4 there was a positive strong correlation between Cr, 

Cu, Ni, Sc, Pb and Zn. TOC correlated with As and Cr 

(˃0.5), Cu and Ni (˃ 0.7) (Tab. 10).
 

 

 

Fig. 7. A) δ13C values along the analysed sediment cores. Dotted lines show bottommost strata average values. B) Total organic carbon 
(TOC) (%) along PT7, PT4 and G4. 

 

 

4. Discussion 

Sedimentation rates found in this study are consistent 
with values observed by Toldo Jr. et al. (2000) in the area. In 
this study, sedimentation rates were calculated based on 
210Pb and 14C, finding that Holocene sedimentation in the 
lagoon ranged between 0.35 and 0.83 cm yr-1. Furthermore, 

these values are higher than the sedimentation rates 
calculated for the last 8000 years BP based on 14C dates (0.05 
to 0.08 cm yr-1). 

These authors considered that higher 210Pb rates were 
associated with a more rapid sedimentation in the lagoon 
related to relatively recent deforestation of  the watershed. 
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Furthermore, Santos et al. (2008) who reviewed several 
studies about sedimentation rates in different Brazilian 
coastal environments, observed that the sedimentation rates 
calculated with 14C were often lower than 1 mm/yr and 
higher than 1 mm/yr when obtained with 210Pb 
measurements, suggesting an anthropogenic-driven change 
in the sedimentation process, even considering the effect of  
compaction on lower layers of  the sedimentary column 

Considering the different indices used to evaluate 
anthropogenic impact, those that integrate several elements 
(PLI and SPI) and those that evaluate the impact of  a 
specific element (Igeo, EF), provided complementary results 
and interpretations.  

In this sense, Igeo and EF results indicated the specific 

elements that contributed to the changes in PLI and SPI 

trends. Furthermore, SPI and PLI results showed similar 

classifications for each core, indicating that both indices are 

suitable for showing general pollution trends in the area. 

In PT7, located in a region near Camaquã River mouth, 
SPI and PLI indices suggested either natural or non-
contaminated sediments. Furthermore, the lack of 
correlation between trace elements (especially Ni and Cu) 
and TOC suggests not only oxic-dysoxic conditions but also 
that trace elements are mainly supplied by the detrital input 
(Algeo and Maynard., 2004; Tribovillard et al., 2006).  

 
Tab. 8. Pearson correlation matrix for all the analysed variables in PT7. 

PT7 As Ba Cr Cu Ni Pb Sc Zn % TOC δ 13C C/N 

As 
 

<0.01 <0.01 0.67 <0.01 0.06 0.00 <0.01 0.53 0.11 0.42 

Ba 0.39 
 

<0.01 0.19 0.02 0.02 0.01 0.01 0.65 0.97 0.32 

Cr 0.47 0.62 
 

0.06 <0.01 <0.01 0.01 <0.01 0.63 0.91 0.84 

Cu 0.06 -0.17 -0.24 
 

0.44 0.30 0.04 <0.01 0.00 0.81 0.87 

Ni 0.42 0.29 0.81 0.10 
 

<0.01 0.00 <0.01 0.13 0.48 0.30 

Pb 0.24 0.31 0.64 0.14 0.77 
 

0.05 <0.01 0.05 0.54 0.71 

Sc 0.51 0.35 0.35 0.26 0.52 0.25  0.00 0.02 0.05 0.34 

Zn 0.43 0.33 0.53 0.40 0.65 0.54 0.38 
 

0.12 0.88 0.95 

% TOC -0.08 0.06 0.06 -0.37 -0.20 -0.25 -0.31 -0.20 
 

0.15 0.01 

δ13C -0.21 0.00 0.01 0.03 -0.09 0.08 -0.26 -0.02 -0.19 
 

0.67 

C/N -0.11 0.13 -0.03 0.02 -0.14 -0.05 -0.13 -0.01 0.35 -0.06 
 

 

Tab. 9. Pearson correlation matrix for all the analysed variables in PT4. 

PT4 As Ba Cr Cu Ni Pb Sc Zn % TOC δ13C C/N 

As 
 

<0.01 0.90 0.18 0.30 0.01 0.63 0.13 0.01 0.05 0.16 

Ba 0.49 
 

<0.01 0.01 <0.01 0.09 0.68 <0.01 <0.01 0.04 <0.01 

Cr -0.02 -0.40 
 

<0.01 <0.01 <0.01 0.00 <0.01 0.01 0.00 0.33 

Cu -0.18 -0.36 0.53 
 

<0.01 0.38 0.01 <0.01 <0.01 0.22 0.23 

Ni -0.14 -0.54 0.95 0.53 
 

0.02 0.00 <0.01 <0.01 0.00 0.08 

Pb 0.34 0.23 0.41 0.12 0.30 
 

0.50 0.57 <0.01 0.69 <0.01 

Sc -0.06 -0.06 0.60 0.35 0.58 -0.09  0.00 0.01 0.00 0.05 

Zn -0.20 -0.45 0.61 0.42 0.73 0.08 0.38 
 

<0.01 0.01 0.05 

% TOC -0.32 -0.67 0.36 0.44 0.48 -0.37 0.35 0.54 
 

0.60 <0.01 

δ13C -0.26 -0.27 0.42 0.16 0.48 -0.05 0.45 0.36 0.07 
 

0.93 

C/N -0.19 -0.56 0.13 0.16 0.23 -0.49 0.26 0.26 0.63 0.01 
 

 

 
In core PT7, total organic carbon also displayed a 

constant trend, and no significant variations were observed. 
Overall, this region does not seem to be affected by the 
mining activities upstream Camaquã River. The prevailing 
wind forced circulation in Patos Lagoon is characterised by 
the presence of several cells with downwind velocity near the 
margins and upwind return flow occurring in the central 
areas (Moller et al., 1996; Fernandes et al., 2002). In this 
sense, the downwind circulation near the margins would 

contribute to dissipate the pollution coming from the river. 
Furthermore, contaminants would be deposited upstream in 
central areas by the upwind return flow. 

In core PT4, located between Camaquã River mouth and 
Guaíba River, SPI and PLI indices indicated no significant 
anthropogenic impact, even though this core presented a 
slight increase in the uppermost strata, but environmental 
quality still lies within unpolluted ranges. However, 
according to the EF and Igeo, after 2009 most of the 
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elements showed a steady increase. Especially, As, Ba and Pb 
showed moderately polluted levels. Such elements did not 
exhibit correlation between each other, thus probably 
indicating different sources of contamination.  

In this sense, barite (BaSO4) is a sulphide-mineral 
exploited upstream Camaquã River, and despite the great 
dilution potential of the lagoon, this activity influences the 
sedimentary composition. Another contribution of Ba could 
be coal mining, since this is also an important activity in the 
region that significantly contributes to the contamination of 
the lagoon (Baisch and Wasserman,1998) and this element is 
found in coal at high concentrations (Choudhury and Cary, 
2001). Regarding As high concentrations, the source of this 
element in PT7 site is probably Camaquã River, since it is 
located in a region influenced by both impacted streams 
(Camaquã and Guaíba), but the core near Guaíba (G4) did 
not show As enrichment. In this sense, Mirlean et al. (2003) 
studied As concentration in surficial sediments of Patos 
Lagoon and found maximum concentrations of this element 
downstream of Camaquã River with concentrations 
increasing about five times more than baseline after the river 
discharge into the lagoon, suggesting an origin associated 
with the redeposition of arsenate minerals from tailings of 
sulphide ore deposits located in the Camaquã River drainage 
basin. In the case of Pb, Baisch and Wasserman (1998) 
suggested that the anthropogenic enrichment of this element 
might be the result of a combination of both Camaquã and 
Guaíba rivers. The positive correlation between Cr, Ni, Cu 
and Zn as well as their low EF suggests the absence of 
contamination for these elements in this region.  

As expected, highest concentrations and indices values 
were detected in the northern part of the system. In this 
sense, sediment core G4 did present signs of contamination. 
SPI and PLI indices showed a progressive deterioration of 
the lagoon quality after 1980 reaching poorest 
environmental conditions around 2000. At that time, Igeo 
and EF maximum values were observed reaching levels of 
moderate pollution for all analysed elements.  

Despite the distance from Porto Alegre City, the region 
where core G4 was collected is dominated by depositional 
processes (Nicolodi et al., 2010), and according to the 
hydrodynamic model from Paz et al. (2005), the untreated 
waters carrying contaminants from Porto Alegre City and 
adjacent locations (Dias Prestes and Quadros Rückert, 2017) 
can certainly reach the region were G4 was collected.  

It is well known that Guaíba River is a source of high 

contamination and untreated domestic and industrial sewage 

(Dias Prestes and Quadros Rückert, 2017). However, the EF 

values only showed moderate pollution levels suggesting a 

considerable dilution process within the system. This was 

also observed by Baisch and Wasserman (1998) who 

attributed such low levels to the mixture with the metal-

depleted lagoon sediments and the dissolution of metals 

associated with oxihydroxides and organic matter under 

reducing conditions of the sediments. This could also be 

supported by our results as high correlation between TOC 

and trace elements would indicate reducing sediment 

conditions (Algeo and Maynard, 2004; Tribovillard et al., 2006). 
 

Tab. 10. Pearson correlation matrix for all the analysed variables in G4. 

G4 As Ba Cr Cu Ni Pb Sc Zn % TOC δ13C C/N 

As 
 

<0.01 <0.01 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 <0.01 <0.01 

Ba 0.39 
 

<0.01 0.83 0.05 <0.01 0.34 0.00 0.93 <0.01 0.90 

Cr 0.52 0.51 
 

<0.01 <0.01 <0.01 0.00 <0.01 <0.01 <0.01 <0.01 

Cu 0.38 0.03 0.68 
 

<0.01 <0.01 0.00 <0.01 <0.01 <0.01 <0.01 

Ni 0.52 0.26 0.92 0.81 
 

<0.01 0.00 <0.01 <0.01 <0.01 <0.01 

Pb 0.53 0.74 0.86 0.49 0.69 
 

0.00 <0.01 0.01 <0.01 0.03 

Sc 0.44 0.13 0.70 0.60 0.81 0.43  0.00 0.00 0.26 0.00 

Zn 0.42 0.41 0.83 0.77 0.76 0.76 0.50 
 

<0.01 0.00 <0.01 

% TOC 0.55 -0.01 0.56 0.79 0.78 0.36 0.73 0.48 
 

0.02 <0.01 

δ13C -0.43 -0.71 -0.58 -0.43 -0.43 -0.78 -0.15 -0.65 -0.31 
 

0.02 

C/N 0.45 0.02 0.37 0.48 0.49 0.29 0.46 0.42 0.61 -0.31 
 

 

 
Regarding the organic matter composition, in PT7 δ13C 

signature as well as C/N ratio and TOC (%) indicate 

constant organic sources up to 1940. After this period only 

little variation in composition was inferred lying always 

within the same ranges indicating possible minor or diluted 

local inputs of domestic and industrial activities from Río 

Grande or Camaquã region.  

Cyanobacterial blooms might also have contributed to 
this change as depleted δ13C values suggests that bacterially 
assimilated carbon contributed to the sedimentary carbon 
budget (Teranes and Bernasconi, 2005). 

In this sense, Microcystis aeruginosa blooms were recorded 
in Patos Lagoon since the 1980s (Yunes et al., 1998; de Souza 
et al., 2018), but previous observations of locals date back to 
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the beginning of the 20th century. Anyway, the system 
displays still fairly undisturbed conditions, thus highlighting 
the highly dynamic dilution potential of the lagoon. 

In PT4 core, the values were quite constant from the base 
until approximately the last decade, from which the values 
decreased, presenting however a few peaks. Assuming 
pristine conditions, such observed peaks might be a 
consequence of natural variability of the system. This 
sediment core displayed fairly good sedimentation 
conditions, presenting the highest sedimentation rate with an 
average 0.55 ± 0.01 cm yr-1 and some values of ≈1 cm yr-1. 
Therefore, it might be appropriate to integrate and infer 
climatic variability processes attributable to El Niño events. 
In southern Brazil, El Niño phase is characterised by 
increased precipitation (Fernandes et al., 2002). In 
accordance with this, the National Oceanic and 
Atmospheric Administration (NOAA) registered strong El 
Niño phases in 1972-1973, 1982-1983 and 1987-1988. 

In this sense, the variability observed in the organic 
carbon content by mid 1970s and by the end of the 1980s 
might be a consequence of such intense precipitation and 
increased runoff registered in the area. Furthermore, the 
maximum total annual precipitation registered for Porto 
Alegre City by INMET (National Meteorology Institute of 
Brazil) between 1961 and 2015 corresponded to 1972 with 
1983.6 mm. On the other hand, the observed decreasing 

trend in total organic carbon during the last decade might be 
related to the deforestation already observed in the area 
(Toldo Jr et al., 2000; Niencheski et al., 2004b). In this sense, 
Pérez et al., (2017) associated a reduction in the TOC 
sequestration with vegetation removal due to anthropogenic 
deforestation.  

Core G4 displayed a completely different trend, as it is 
clearly influenced by Porto Alegre City so organic matter 
composition is a combined response of natural variability 
and anthropogenic impact. In this region, organic impact 
was already observed by the beginning of the 19th century, 
with the use of streets and vacant land for the dumping of 
garbage (Dias Prestes and Quadros Rückert, 2017).  

As Core G4 recorded about 150 years while organic 
impact began at about 200 years ago, further investigation 
might be needed in order to assess organic matter 
background levels and sources for this region. In addition, 
despite the variability observed from 1860s until the present, 
TOC is currently two times higher, and the recent organic 
matter is depleted in δ13C indicating a shift in the organic 
matter composition (Meyers, 2003; Lamb et al., 2006). 
Bacterially assimilated carbon, depleted in δ 13C, might also 
have contributed to the decrease of the δ13C sedimentary 
values, once cyanobacterial blooms were recorded since the 
1970s in Guaíba (Ribeiro et al., 2012). 

 

 

Fig. 8. δ13C vs. C/N values for the three analysed cores incorporated to the modified Lamb et al., (2006) plot. Boxes contain most recent 
records for PT7 (circles) and G4 (triangles).  

 

 

C/N PT7 PT4 G4
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In Patos Lagoon, the main source of organic matter is 
supplied by the Guaíba River (Baisch and Wasserman, 1998), 
which explains the similar isotopic signature in the whole 
lagoon prior to the anthropogenic influence. The isotopic 
signature changed differentially after the anthropogenic 
fingerprint in the analysed sedimentary records. In this 
sense, recent sediments of PT4 core evidenced a shift in the 
vegetal cover, while the G4 site was influenced by both 
urban and industrial activities of Porto Alegre City. 

This is the first isotopic analysis of ancient sediments in 
the freshwater zone of Patos Lagoon. The closest similar 
study was undertaken by Patterson (2016), who studied 
stocks and sources of carbon in the saltmarshes of the 
estuarine region of this lagoon. However, despite the 
proximity of the study areas, the isotopic signature is not 
comparable to the results obtained by Patterson (2016). This 
author observed that the sedimentary carbon in the marshes 
are related to the local estuarine vegetation. This suggests 
that the most significant source of carbon in marshes comes 
from your own natural productivity. 

Regionally, similar studies were performed in other 
Brazilian coastal lagoons and estuaries such as Guanabara 
Bay (Baptista Neto et al., 2013), Baixada Santista region 
(Luiz-Silva et al., 2008; Silva et al., 2011) and Carapebus 
Lagoon (Soares et al., 2019) obtaining comparable results. In 
Guanabara Bay, located in Río de Janeiro and surrounded by 
the second largest city of the country, the increased river 
discharges and sediment loads flowing into the bay as a 
consequence of the anthropogenic activities, caused an 
increment in the sedimentation rate. Also, metals such as Cu, 
Cr, Ni, Pb and Zn showed a constant increased over the last 
five decades, with the highest concentrations in the top 
layers because of untreated sewage dumping into the bay as 
well as industrial activities (Baptista Neto et al., 2013).  

In the Baixada Santista area, the elements that best 
reflected the anthropogenic impact were Cr, Zn and Fe 
(Luiz-Silva et al., 2008; Silva et al., 2011. In the case of Fe, 
even though it is a conservative element often used as a 
normalising element (Birch, 2003), in this specific area this 
element also has an anthropogenic contribution from the 
steel industry. Therefore, it is a reliable indicator of 
contamination instead of lithogenic input (Luiz-Silva et al., 
2008). In Carapebus Lagoon, a transition period was 
observed in the sedimentary record, where the pre- and post- 
anthropic influence was clearly evidenced. In this sense, the 
most recent sedimentary unit was characterised as a high 
organic and metal content zone (specially Cd, Cr, Cu, Pb and 
Zn) (Soares et al., 2019). 

Regarding the organic input, in Carapebus Lagoon total 
organic carbon content increased by twice in the most recent 
sediment when compared to pre-anthropogenic values. 
Furthermore, the C/N ratio changed indicating a shift in the 
organic matter source, from terrestrial to autochthonous 
associated with a sustained input of untreated effluents 
(Soares et al., 2019). The same pattern was observed in 

Guanabara Bay, where the organic carbon flux increased by 
about twice since the beginning of the last century, also 
associated with untreated sewage (Baptista Neto et al., 2013).  

 
5. Conclusion 

The advantage of using several metal indices is reflected 
in this work, where all indices presented complementing 
information that helped us to provide an accurate evaluation 
of the metal input in Patos Lagoon along time.  

Multiple-element indices SPI and PLI both showed a 
general overview of the environmental conditions of the 
lagoon along time. Furthermore, single-element indices 
explained which elements triggered the observed changes in 
the environmental trends.  

Although the increase in the concentration of 
contaminants can be observed in recent decades, and the 
anthropic impact on the region is well documented, the 
central region of the lagoon has almost undisturbed 
conditions, probably due to the high dilution potential of the 
lagoon. In this sense, the influence of Camaquã River basin 
activities is observed mainly upstream, probably as a 
consequence of the hydrodynamics of the lagoon. 

Long-term anthropogenic influence in the lagoon was 
also revealed by a differentially change in the isotopic 
composition of the organic matter. Overall, metals together 
with organic matter composition proxies allowed to 
determine the anthropic-related changes in Patos Lagoon. 
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