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A B S T R A C T

The elemental composition of sediments can provide valuable records of environmental changes, including land- 
use impacts. This study evaluates the role of major, trace, and rare earth elements (REE) in sediment cores from 
three coastal lakes in southern Brazil which have been influenced by varying land-use pressures. These differing 
influences range from intensive agriculture to near-pristine wetlands. Using Instrumental Neutron Activation 
Analysis, we quantified 25 elements in dated sediment cores and calculated enrichment factors (EF) to differ
entiate natural from anthropogenic contributions. The La-Sc-Th ternary diagram was employed to trace sediment 
provenance. Our results revealed contrasting impacts of land-use changes. Mirim Lagoon showed barium 
enrichment which was previously attributed to coal mining and combustion, while Mangueira Lagoon exhibited 
increased REE concentrations post-1950, likely linked to the use of agricultural fertiliser. Nicola Lake, by 
contrast, demonstrated minimal anthropogenic influence. Sediment dilution and resuspension in larger systems, 
such as Mirim Lagoon, mitigated observable changes despite intense land-use activities. These findings highlight 
the distinct responses of lake systems to land-use pressures, providing insights into their sedimentary dynamics 
and potential for environmental monitoring.

1. Introduction

The chemical composition of terrigenous sediments is controlled by 
the composition of the source rock (McLennan and Murray, 1998). 
However, the abundance of specific elements such as alkalies and 
alkaline earth do not reflect the composition of the source rock as they 
dissolve during weathering and diagenesis (McLennan et al., 1980). The 
geochemical composition of sediments provides crucial insights into 
both natural processes and anthropogenic impacts in aquatic systems 
(Zhang et al., 2018, 2019; Cardoso-Silva et al., 2024; Kim et al., 2024) . 
Elements such as rare earth elements (REE), thorium (Th), and scandium 
(Sc) are particularly useful tracers due to their resistance to weathering 
and sedimentary fractionation. These elements retain information about 
source rock composition, making proxies like the Th/Sc ratio valuable 

indicators of sediment provenance, reflecting the relative contributions 
of felsic and mafic rocks (McLennan and Murray, 1998; Taylor and 
McLennan, 2009).

REE are a group of 15 chemically similar elements (atomic numbers 
between 57 and 71) (Henderson, 1984). These elements are commonly 
normalised to the abundance in chondritic meteorites or a shale com
posite such as the North American Shale Composite (NASC) or the Post 
Achaean Australian Shale (PAAS) to interpret fractionation patterns 
(McLennan et al., 1980; Szefer et al., 1999; de Oliveira et al., 2007; 
Laveuf and Cornu, 2009). Chondrite meteorites are composed of igneous 
materials that have not had an extensive history of melting and recrys
tallisation. Thus, their REE composition presumably represents magma 
before any fractionation processes (Aide and Aide, 2012). Due to their 
limited mobility and fractionation during weathering and sedimentation 
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(Rollinson, 1993), as well as the specific composition of the source rocks 
(McLennan et al., 1980), REE patterns in sediments can reveal historical 
changes in land use, particularly in regions where agricultural practices 
and industrial activities are important (Szefer et al., 1999; de Oliveira 
et al., 2007; Aide and Aide, 2012; Wang et al. 2019, 2024). REE thus 
may allow the differentiation of sediment sources and help to resolve 
anthropogenic influences (Henderson, 1984; Aide and Aide, 2012).

Rapid human population growth and the resulting increase in de
mand for resources have led to the conversion of land for human use, 
especially after 1950 (Waters et al., 2016). The 20th century saw a 
dramatic transformation of wetland ecosystems globally, driven by ur
banisation and agricultural expansion (Ramsar, 2015). Particularly in 
southern Brazil’s coastal plains, rice farming has replaced extensive 
wetland areas, altering natural hydrological and ecological dynamics 
(Bueno et al., 2021a, b; Menegheti, 2010). These land-use changes likely 
introduced new metal sources and altered sedimentation patterns. 
However, the extent of the impacts of land-use change remains poorly 
understood in many developing countries.

This study hypothesises that the sedimentary content of major, trace, 
and rare earth elements reflects the influence of agricultural and in
dustrial activities across a gradient of land use. To test this hypothesis, 
we analysed sediment cores from three coastal lakes in southern Brazil 
(Mirim Lagoon, Mangueira Lagoon, and Nicola Lake) using Instrumental 
Neutron Activation Analysis (INAA). These sites provide a spectrum of 
environmental conditions, from intensive agriculture to near-pristine 
wetlands, offering a unique opportunity to assess the interplay be
tween natural processes and anthropogenic impacts on sediment 
composition.

2. Materials and methods

2.1. Study area

Sediment cores were collected from the Mirim-Mangueira Lagoon 
system, located in the coastal plain of Rio Grande do Sul, southern Brazil 
(Fig. 1). This region covers approximately 33000 km2 and contains 
several coastal lakes and lagoons as the result of transgressive-regressive 
sea-level changes during the Quaternary (Tomazelli et al., 2000; Dil
lenburg et al., 2017). The northern boundary of the coastal plain is 
characterised by basaltic rocks from the Serra Geral Formation. The 
southern boundary in Uruguayan territory is mainly composed of 
granitoids of the Santa Teresa complex (da Silva, 1979; Muzio and Artur, 
1999). The sediments of the coastal plain are mostly quartz, and 
well-selected fine-grained terrestrial siliciclastic sediments, although the 
Pleistocene barriers also contain silt-clay sediments (Buchmann et al., 
2009). Mirim Lagoon basin, located in the southernmost part of the 
coastal plain, is surrounded mainly by granitic and metamorphic rocks 
of the Neoproterozoic Dom Feliciano Belt (Basei et al., 2000; Oyhant
çabal et al., 2010) (Fig. 1).

Mirim (3830 km2) and Mangueira (746 km2) lagoons are the major 
regional water bodies (Fig. 1). These two large freshwater lagoons are 
connected through the Taim Wetland, a natural reserve located north of 
Mangueira containing several small shallow lakes (Motta Marques et al., 
2013) (Fig. 1). Since the beginning of the 20th century, natural grass
lands and wetlands of the region have been replaced by rice paddies, and 
the water of both lagoons has been used for rice irrigation (Villanueva 
et al., 2000). During the 1970s, dams were constructed to meet the needs 
for rice irrigation and production (Borba, 2016). The major modification 
was the construction of a dam-lock in the São Gonçalo channel in 1977 
to prevent the entry of brackish water from Patos Lagoon (indicated with 
a black square in Fig. 1) into Mirim Lagoon, thus converting Mirim 

Fig. 1. A) Study area located in between Uruguay and Brazil, South America. B) Orange: the Rio Grande do Sul Coastal Plain, grey: main water bodies in the study 
area, blue: Taim Wetland. C) Rock types in the study area. The black square in the São Gonçalo channel indicates the Dam-Lock constructed in 1977 that converted 
Mirim Lagoon into a freshwater ecosystem. Jaguarão River is the Uruguay/Brazil boundary.
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Lagoon into a freshwater ecosystem (Hirata et al., 2010).
The three selected lagoons represent a gradient of land use. Mirim 

Lagoon is surrounded by intensive agriculture, particularly rice culti
vation. Mangueira Lagoon is a transition system located between agri
cultural areas on the west, natural wetlands mostly to the north, and 
pristine dunes to the east. Nicola Lake is a nearly pristine lake sur
rounded by wetlands within the Taim Natural Reserve.

2.2. Sediment collection and dating

Sediment cores were collected between October 2006 and January 
2008 using a gravity corer (50 mm diameter and 1 m long). Three cores 
were taken from Mirim Lagoon (MIR1, MIR2, MIR3), one from Man
gueira Lagoon (MAN2), and one from Nicola Lake (NIC). Once extracted, 
the sediment cores were then sectioned into 1 cm intervals for the upper 
10 cm and into 2 cm intervals for the remaining length. The individual 
samples were stored in plastic bags. In the laboratory, the sediment 
slices were dried in an oven at 60 ◦C overnight or until reaching a 
constant weight. 210Pb and 226Ra activities (dpm g− 1) were used to es
timate sedimentation rates and chronology as described in a companion 
paper (Bueno et al., 2021a). To estimate sedimentation rates the Con
stant Flux-Constant Sedimentation (CF: CS) model was applied in all 
cores and the Constant Rate of Supply (CRS) model was also used in 
MIR1 and MAN2 cores (Appleby and Oldfield, 1983; Sanchez-Cabeza 
et al., 2012). All the REE and metal data reported here are original.

2.3. Geochemical analysis

Twenty-five elements were analysed by Instrumental Neutron Acti
vation Analysis (INAA) at the Instituto de Pesquisas Energéticas e 
Nucleares (IPEN), São Paulo, Brazil, as described in Larizzatti et al. 
(2001) and Santos et al. (2007). The approach can resolve concentra
tions of major elements (Ca, Fe, Na), trace elements (As, Ba, Br, Co, Cr, 
Cs, Hf, Rb, Sb, Sc, Ta, Th, U, Zn) and rare earth elements (REE) (Ce, Eu, 
La, Lu, Nd, Sm, Tb, Yb). Briefly, approximately 150 mg of dry sediment 
(i.e., two replicates per sample) were accurately weighed and sealed in 
pre-cleaned double polyethene bags. Single and multi-element synthetic 
standards were prepared by pipetting aliquots of standard solutions 
(SPEX CERTIPREP) onto small sheets of Whatman n◦ 41 filter paper. All 
samples (sediment, reference and synthetic standards) were irradiated 
for 16 h under a thermal neutron flux of 1012 n cm− 2 s− 1 in the IEA-R1m 
nuclear reactor at IPEN. Two series of counting were performed: the first 
after one-week decay and the second after 15–20 days. The counting 
time was 2 h for all samples and reference materials and 30 min for each 
synthetic standard. Gamma-spectrometry was conducted using a Can
berra gamma X hyperpure Ge detector and associated electronics, with a 
resolution of 0.88 keV for 57Co and 1.90 keV for 60Co. Certified reference 
materials ensured the precision and accuracy of the method (Buffalo 
River Sediment NIST SRM 2704, Soil-7 IAEA and B-EN Basalt-IWG-GIT). 
The analysis had a relative standard deviation ranging from 1.1 % to 8.2 
%, and a relative error from 3 % to 10 %.

2.4. Data analysis

The La-Sc-Th ternary diagram provides information about the 
provenance of the fine-grained sediments (Cullers, 1994; Yu et al., 2019; 
Xanthopoulou et al., 2021). This approach differentiates the contribu
tions of low-silica parent rocks (basic) from those with high-silica source 
rocks (felsic) (Cullers, 1994). Here, the ternary diagram was used to 
distinguish potential source rocks, where the composition of basalts 
from the Serra Geral Formation (the northern boundary of the Coastal 
Plain) (GeoRoc database), the average composition of Proterozoic 
granites (Condie, 1993), volcanic rocks (Condie, 1993) and Andesites 
(Condie, 1993) were included as potential end-members of the analysed 
samples (Fig. 2).

Chondrite Normalisation Curves were employed to identify REE 

fractionation patterns and potential anthropogenic influences. The Eu 
anomaly, defined as Eun/Eu*n was calculated for all the analysed sedi
ment cores. Where Eun is the chondrite-normalised Eu concentration 
and Eu*n is the predicted normalised concentration calculated from 
Lawrence and Kamber (2006): Eu*n = (Smn

2*Tbn)1/3. Values of 1 indicate 
that there is no anomaly, a value > 1 (positive anomaly) indicates an 
overabundance and a value < 1 (negative anomaly) indicates an 
underabundance (Lawrence and Kamber, 2006). The Ce anomaly, 
defined as Cen/Ce*n was calculated following Bau and Dulski (1996) as: 
Ce*n = (Lan + Ndn)/2. Values of 1 indicate that there is no anomaly, a 
value > 1 (positive anomaly) indicates oxidising conditions and a value 
< 1 (negative anomaly) reducing conditions or Ce remobilisation (Bau 
and Dulski, 1996).

Finally, enrichment factors (EF) were calculated to distinguish nat
ural from anthropogenic sources (Szefer et al., 1998). Sc was used as a 
normalising element since is a reliable indicator of the contribution of 
terrestrial materials and is structurally combined in clay minerals, 
making it a good indicator of grain-size variability (Loring and Rantala, 
1992): 

EF=
(Cx/CSc)stratum

(CX/CSc)background 

where CX is the content of element X, CSc is the content of Sc, here used 
as a normalising element. Background values were defined as the 
elemental concentration prior to human influence, i.e., the average 
concentrations of two consecutive layers older than 100 years according 
to the 210Pb data. To assess contamination levels using the EF, the 
classification proposed by Sutherland (2000) was applied, where EF < 2 
indicates minimal enrichment, suggesting null or minimal contamina
tion, and 2 < EF < 5 corresponds to moderate enrichment.

3. Results

3.1. Geochemical signatures and provenance

Results for all 25 analysed elements are presented in Table S1, but 
the discussion focuses on those elements commonly used to trace 
contamination and origin: Ba, Br, Fe, Th, U, and REE (Table 1). A La-Sc- 
Th ternary plot was used to assess potential source rocks, revealing a 

Fig. 2. La-Th-Sc ternary plot including data from MAN2, NIC, MIR1, MIR2 and 
MIR3 samples. To distinguish potential source rocks, data of basalts from the 
Serra Geral Formation (GeoRoc database) and the average composition of 
Proterozoic granites (Condie, 1993), volcanic rocks (Condie, 1993) and An
desites (Condie, 1993) were also included.
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dominant granitic composition for the analysed sediments (Fig. 2).
Thorium (Th) concentrations varied among the lagoons, with Mirim 

Lagoon exhibiting significantly higher levels (11.3 ± 1.6 mg/kg) 
compared to Nicola Lake (7.3 ± 0.5 mg/kg) and Mangueira Lagoon (5.2 
± 0.4 mg/kg) (Table S1). A strong association between Th/U and Th/Fe 
was observed in Mangueira Lagoon and Nicola Lake, but not in Mirim 
Lagoon (Fig. 3, Table 2).

The chondrite-normalised REE distribution showed enrichment in 
light REEs (LREEs: La to Eu) and progressive depletion in heavy REEs 
(HREEs: Tb to Lu) across all sites (Fig. 4). The Eu anomalies (Eun/Eu*n) 
were negative in all cores (<1), with lower values in MIR1 (0.46–0.64) 

and higher in MAN2 (0.74–0.88) (Fig. 5). Furthermore, cores MIR1 and 
MIR2 had moderate positive anomalies (1.10–1.31 and 1.08–1.22, 
respectively) while MIR3 showed variable values (0.86–1.20), indi
cating absence or slightly negative/positive anomalies depending on the 
sediment layer. NIC and MAN2 showed values close to 1, suggesting no 
marked Ce anomaly (Fig. 5).

The ΣREE vs Th plot revealed two distinct groups: Group 1 
comprised cores from Mangueira Lagoon (MAN2) and Nicola Lake 
(NIC), with lower REE content. Group 2 included cores from Mirim 
Lagoon (MIR1, MIR2, MIR3), with higher REE concentrations (Fig. 6).

Table 1 
Minimum, maximum, average, standard deviation and coefficient of variation of the discussed elements (all in mg/kg except Fe) in cores MAN2, NIC, MIR1, MIR2 and 
MIR3. Average of the possible source rocks in the Mirim Catchment: Basalts from the Serra Geral Formation (the northern boundary of the Coastal Plain) (GeoRoc), 
Proterozoic granites (Condie, 1993), volcanic rocks (Condie, 1993) and Andesites (Condie, 1993). Chondrite values used for normalisation (McLennan et al., 1980) 
were also included.

Ba Br Ce Eu Fe La Lu Nd Sc Sm Tb Th U Yb

(%)

MAN2 Min 201 5 20 0.5 0.6 10 0.1 9 2 1.9 0.2 2.3 0.5 0.7
Max 360 63 57 1.2 2.5 27 0.4 27 9 5.4 0.6 8.1 2.3 2.3
Av. 295 32 39 0.9 1.5 19 0.2 19 5 3.8 0.4 5.2 1.4 1.5
SD 59 25 16 0.3 0.8 7 0.1 7 3 1.5 0.2 2.4 0.7 0.6
CV 0.2 0.8 0.4 0.4 0.6 0.4 0.5 0.4 0.6 0.4 0.4 0.5 0.5 0.4

NIC Min 302 9 46 1 2.4 22 0.2 25 5 4.3 0.5 6.5 1.9 1.9
Max 492 35 52 1.1 3.4 25 0.2 39 9 5.1 0.7 7.9 3 2.4
Av. 404 25 50 1.1 2.9 24 0.2 31 8 4.8 0.6 7.3 2.3 2
SD 61 10 2 0 0.3 1 0 5 1 0.3 0.1 0.5 0.3 0.1
CV 0.2 0.4 0 0 0.1 0 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.1

MIR1 Min 211 3 71 1 1.2 31 0.4 23 5 5.6 0.6 9.2 2.6 2.7
Max 527 9 97 1.4 3.4 44 0.6 44 11 11.2 0.9 16.2 3.6 3.9
Av. 422 4 81 1.2 1.8 36 0.5 33 7 7.1 0.8 11.9 3.1 3.2
SD 146 2 9 0.2 0.8 5 0.1 7 2 2.1 0.1 2.5 0.3 0.4
CV 0.4 0.6 0.1 0.1 0.4 0.1 0.2 0.2 0.3 0.3 0.1 0.2 0.1 0.1

MIR2 Min 729 4 71 1.1 1.4 33 0.6 28 6 5.7 0.7 9.2 2.4 3.1
Max 1354 7 88 1.4 2.7 40 0.7 39 9 7.1 1.2 14.3 3.4 3.8
Av. 921 6 80 1.3 1.9 36 0.7 33 7 6.4 1 11.2 2.8 3.5
SD 222 1 5 0.1 0.5 2 0.1 4 1 0.4 0.2 1.3 0.3 0.3
CV 0.2 0.2 0.1 0.1 0.3 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.1

MIR3 Min 475 4 59 0.9 1.2 27 0.2 27 5 4.9 0.7 8.9 2.4 2.2
Max 732 9 84 1.2 2.6 39 0.4 60 9 6.7 1 13.5 3.9 3.3
Av. 585 5 72 1.1 1.6 33 0.3 36 7 5.9 0.8 11.1 3 2.6
SD 78 2 8 0.1 0.4 4 0 11 1 0.6 0.1 1.3 0.5 0.4
CV 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.2 0.1 0.1 0.1 0.2 0.1

Basalts Serra Geral Av. 402 ​ 51 1.4 ​ 24 0.4 26 35 5.4 0.9 6.3 1.5 2.8
Proterozoic Granite Av. 750 ​ 115 1 ​ 48 0.6 54 5 8.7 1.3 18 4.5 3.5
Felsic Volcanic Rock Av. 900 ​ 71 0.8 ​ 35 0.5 28 17 5.6 0.7 8.5 2.5 3.1
Andesite Av. 560 ​ 44 1.1 ​ 17 0.3 24 20 4.5 0.8 3.7 2 2
Chondrite Av. ​ ​ 1 0.1 ​ 0.4 0 0.7 ​ 0.2 0.1 ​ ​ 0.2

Fig. 3. Regression analysis Th (mg/kg) vs U (mg/kg) and Th (mg/kg) vs Fe (mg/kg) in the 5 analysed sediment cores. R2 values are shown for significant regressions 
(p-values <0.05).

C. Bueno et al.                                                                                                                                                                                                                                   Journal of South American Earth Sciences 161 (2025) 105576 

4 



3.2. Anthropogenic influence

Barium (Ba) showed increased enrichment factors (EF) near 2 in the 
uppermost layers of core MIR1 and near 3 in core MIR2 (Fig. 7). Bromine 
(Br) showed increased EF in cores MIR1, NIC and MAN2 since the 
beginning of the 1950s, while MIR 2 and MIR3 cores exhibited stable Br 
levels throughout the period.

The ΣREE variation along the five cores (Fig. 8) confirmed the two 
groups identified earlier: Group 1 (MAN2, NIC) with lower REE content 
and Group 2 (MIR1, MIR2, MIR3) with higher REE content, further 
reinforcing the spatial differences in sediment composition. This 
grouping pattern is also supported by the PCA results (Fig. S1).

4. Discussion

4.1. Geochemical signatures and provenance

Rocks with granitic composition (i.e granites and acid volcanic 
rocks), basaltic and andesitic rock types are commonly found in the 
catchment of Mirim Lagoon around the Southern Brazil and Uruguay 

coastal plains (Bellieni et al., 1986; Muzio and Artur, 1999; Panario 
et al., 2014; Hueck et al., 2018). However, the La-Sc-Th ternary diagram 
(Fig. 2), shows a granitic nature of the lagoon’s bottom sediments. The 
La/Th ratio between 3 and 4 for all sites also indicates an acidic 
composition for the sediment source (McLennan et al., 1980) consistent 
with the surrounding Neoproterozoic granitic rocks as the main sedi
ment source.

Thorium (Th) is about three times more abundant than Uranium (U) 
(Hazen et al., 2009), a trend observed across all the sites. U and Th 
generally correlate in rocks and minerals (Nash, 1979), but this depends 
on accessory minerals (Nash, 1979; Saleh et al., 2002; Malikova et al., 
2020). In the study area, fluvial inputs draining igneous and meta
morphic rocks of the Neoproterozoic Sul-Riograndense Shield are pri
marily trapped in Mirim Lagoon (da Silva, 1979). In contrast, Mangueira 
Lagoon and Nicola Lake are fed primarily by rainfall and groundwater 
(Santos et al., 2008), and receive sediment supply from nearby Pleisto
cene sand barriers. The contrasting sediment sources lead to a different 
mineralogical composition, and thus different Th/U patterns. Similarly, 
the Th-Fe relationship varied across lagoons. The strong correlation 
observed in Mangueira Lagoon and Nicola Lake likely reflects the 
dominance of fine-grained sediments in transporting both Th and Fe. In 
contrast, the weaker Th-Fe correlation in Mirim Lagoon suggests varied 
sediment sources or differential transport processes, potentially influ
enced by the larger river inputs.

The observed enrichment of light rare earth elements (LREEs) rela
tive to heavy rare earth elements (HREEs) in the sediment cores also 
reflects their origin from igneous rock sources (Aide and Aide, 2012), 
consistent with the geological characteristics of the region. The increase 
in REE content observed in Mangueira Lagoon since the 1950s likely 
reflects the influence of phosphate fertilisers, which are often enriched 
in REEs (Aubert et al., 2002; Laveuf and Cornu, 2009; Kastori et al., 
2023) and coincides with the intensification of rice farming (Bueno et al. 
2021b).

The slightly negative Eu anomaly (Figs. 4 and 5) is also a typical 

Table 2 
Regression analysis data to infer the association between U/Th and Fe/Th in 
sediment cores NIC, MAN, MIR1, MIR2 and MIR3.

Core Equation R2 p-value

U/Th MAN 0.9769 + 3.0916x 0.8201 0.0008
NIC 4.4342 + 1.2092x 0.7471 0.0013
MIR 1 0.1024 + 3.781x 0.2629 0.2983
MIR 2 3.1738 + 2.84x 0.3765 0.0592
MIR 3 8.3625 + 0.8946x 0.1264 0.3133

Fe/Th MAN 0.7156 + 2.912x 0.9932 7.4010E-09
NIC 3.27 + 1.3612x 0.6359 0.0057
MIR 1 9.2868 + 1.3979x 0.2100 0.3607
MIR 2 10.0589 + 0.6361x 0.0613 0.4905
MIR 3 10.5969 + 0.2832x 0.0083 0.8020

Fig. 4. Chondrite-normalised distribution of REE elements in Mirim, Mangueira and Nicola cores.
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crustal and clastic sediment signal resulting from the dominance of felsic 
sources or oxidative conditions during sedimentation, both of which 
inhibit Eu enrichment (McLennan, 2001; de Oliveira et al., 2007). This 
may reflect the input of materials with a granitic continental origin to 
coastal lagoon sediments since Eu fractionation is common in magmatic 
differentiation processes (Lee and Tanaka, 2021). Thus, the consistent 
negative Eu anomaly across all sediment samples reflects the input of 
granitic material and clastic sediments from the continent.

Ce tends to show positive anomalies in oxidised environments due to 
oxidation to Ce4+ and precipitation as CeO2 (Bau and Dulski, 1996; 
Zhang and Shields, 2022; Junqueira et al., 2024). The positive anomalies 
observed in MIR1 and MIR2 suggest that the depositional conditions in 
these cores were more oxidising than the other wetland-dominated la
goons. The absence of a clear Ce anomaly in NIC and MAN2 could 
indicate that the system was not oxidising enough to cause significant 
Ce4+ enrichment. Mangueira Lagoon and Nicola Lake are shallow sys
tems supporting large macrophyte communities and connected to 

extensive wetlands (Finkler Ferreira et al., 2018; Bueno et al., 2021a). 
The presence of dense vegetation enhances organic matter content that 
promotes anoxic conditions in sediments (Finkler Ferreira et al., 2018).

Thorium is also a reliable proxy for terrestrial input due to its limited 
reactivity in sedimentary environments (McLennan, 2001), and showed 
a strong linear relationship with ΣREE (Fig. 6). This suggests that 
terrigenous rather than autochthonous materials are the dominant 
source of REE and Th in these systems. Mirim sediment cores are 
enriched in Th compared with Mangueira and Nicola cores also indi
cating a different sediment composition and source as previously 
observed. Overall, these findings show how both natural geological 
processes and human activities influence sediment geochemistry. 
Despite a common granitic composition, the differences in Th and Fe/U 
patterns, and REE, suggest variations in sediment sources or transport 
pathways across the three lagoons offering clues about how land use 
affects them.

4.2. Sediment composition and anthropogenic influence

Barium (Ba) did not present significant and positive correlations with 
other elements in Mirim Lagoon, suggesting a unique anthropogenic 
source. Barium enrichment in sediments in the Mirim Lagoon basin was 
previously linked to coal mining and combustion from the nearby 
Candiota coal mine (Pires and Querol, 2004; Ilha, 2019; Bueno et al., 
2021b) since Ba is found in coal in large concentrations (Choudhury and 
Cary, 2001; Nalbandian, 2012; Hao et al., 2022). The Candiota coal 
mine is Brazil’s largest coal mine and has been active since 1863, while 
the Candiota thermoelectric complex has been active since 1961. Both 
are located near a tributary of the Jaguarão River draining to Mirim 
Lagoon, representing a likely source to cores MIR1 and MIR2.

Bromine (Br) correlated with organic carbon (carbon data from 
Bueno et al., 2021a) in Mirim Lagoon and Nicola Lake, but not in 
Mangueira Lagoon (Table S2). This suggests that Br in Mangueira 
Lagoon may have an additional source, or it may be influenced by 
changes in sediment grain size (Mayer et al., 1981; Kandasamy et al., 
2018). The principal component analyses (Fig. S1) revealed that Br ex
plains most of the variance between the previously observed groups, 
especially in core MAN2 after 1950. Active transgressive dune fields in 
the area suggest that aeolian transport is important near Mangueira 
Lagoon (Dillenburg et al., 2017). Modern coastal dune formations that 

Fig. 5. Europium (Eu) and Cerium (Ce) anomalies calculated for cores MAN2, NIC, MIR1, MIR2 and MIR3.

Fig. 6. ΣREE vs Th in Mirim, Mangueira and Nicola cores. In the scatter plot, 
two distinctive groups are observed: Group 1: MAN2 and NIC with lower REE 
content; and Group 2: MIR1, MIR2 and MIR3 with higher REE content.
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were active in 1947 are currently fully vegetated due to the regional 
stabilisation of dunes which is the result of increased precipitation and a 
decrease in wind drift over the last 50 years (Dillenburg et al., 2017; 
Perez et al., 2021). This transition to an increased vegetation cover may 
also have influenced the greater accumulation of Br in Mangueira 
Lagoon. Br is also used in agriculture as a soil fumigant and as a 
component of K-fertilisers (Kabata-Pendias and Pendias, 2001). Its 
enrichment in Mangueira Lagoon became particularly notable after 
1950, coinciding with significant wetland transformations into agri
cultural land in the area (Bueno et al., 2021b; Avila et al., 2024). This 
suggests that agricultural practices could represent an additional source 
of Br.

Th and Fe are mainly associated with fine-grained sediments (Loring 
and Rantala, 1992; Titayeva, 1994). Their relationship varied across 
lagoons. In Mangueira Lagoon and Nicola Lake, a strong correlation was 
observed between Fe and Th, and decreasing EF since the 1950s repre
sents a decrease in the finer sediment fraction towards recent sediments 
as previously observed by Bueno et al. (2021a).

The ΣREE vertical variation along the five cores (Fig. 8) also pro
vided evidence for the two previously observed groups: Group 1, MAN2 
and NIC with lower REE content; and Group 2, MIR1, MIR2 and MIR3 
with higher REE content, where an increase in REE content is notable in 
core MAN2, especially after 1950. Considering that Mirim and Man
gueira were formed at different geological times (Tomazelli et al., 2000), 
and have different sediment sources, it is likely that they have different 
mineralogy and sediment composition.

Although the studied enrichment factor values did not indicate sig
nificant contamination in Mangueira Lagoon, there was a notable 
change in the sediment composition after the 1950s (Table 1, Fig. 7), 
which seems to be related to rice farming. Although Mirim Lagoon also 
sustains intensive rice farming, the larger lagoon area (five times larger 
than Mangueira Lagoon) and larger river inputs likely contributed to 
sediment dilution and resuspension. Hence, changes in vertical profiles 
were less evident in Mirim Lagoon.

Overall, our geochemical data indicate that sediment sources differ 
among the studied lagoons. Mirim Lagoon, for example, receives 

Fig. 7. Enrichment factor for Ba, Br, Fe, Th, and U in the 5 analysed sediment cores.

C. Bueno et al.                                                                                                                                                                                                                                   Journal of South American Earth Sciences 161 (2025) 105576 

7 



significant fluvial input, whereas Mangueira Lagoon and Nicola Lake are 
primarily influenced by local sedimentary inputs from the Pleistocene 
sand barriers, rainfall, organic matter from nearby wetlands, and aeolian 
transport. The La-Sc-Th ternary diagram confirms a dominant granitic 
composition, but the differences in ΣREE vs Th trends suggest two 
distinct sedimentary groups: Mirim Lagoon, with higher REE content 
and stronger fluvial influence, and Mangueira/Nicola, with lower REE 
concentrations and greater local inputs. Temporal shifts, such as the 
observed REE enrichment in Mangueira Lagoon after 1950, reveals the 
increasing impact of land-use changes mostly related to rice farming.

5. Conclusions

Major, trace and rare earth elements (REE) were valuable tracers of 
environmental change in coastal lagoon systems subjected to varying 
land-use pressures. Two depositional environments are distinguished, 
one with a larger drainage area influenced by large river inputs (Mirim 
Lagoon), and the other more isolated and subject to wind deposition and 
wetland organic matter (i.e. Mangueira Lagoon and Nicola Lake). Our 
results show that the sedimentary composition of the coastal lagoons is 
influenced by both natural geological processes and anthropogenic 
activities.

The impact of anthropogenic activities in Mirim and Mangueira 
Lagoon was implied from (1) Ba enrichment in Mirim Lagoon associated 
with the coal mining and burning, (2) a recent decrease in the EF of Th 
and Fe implying less fine-grained sediments potentially due to rice 
irrigation, and (3) the observed REE enrichment in Mangueira Lagoon 
after ca. 1950 likely related to increased fertiliser usage. This study also 
demonstrates the value of using REE and other elemental proxies to 

assess long-term environmental changes, particularly in regions under
going rapid agricultural and industrial development. Our findings 
emphasise the importance of monitoring sediment composition in 
coastal ecosystems, as this provides insights into the effects of land-use 
change on sediment dynamics.
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