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INTRODUCTION
Rare earth elements (REE) configure a group 

of 15 elements that range from lanthanum (La; the 

lightest) to lutetium (Lu; the heaviest). According 
to Moeller (1985), the chemical properties of 
these elements are systematically influenced by 
differences in their electronic structures, which 
involve electrons in internal orbitals, whereas 
externals orbitals are involved in chemical bonds 
with other atoms. The increase in the charge of 
the atomic nuclei throughout the group contracts 
their atomic orbitals, slightly decreasing the ionic © 2023 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.

The Cananéia-Iguape Estuarine-Lagoon Complex (CIELC) is an extremely productive coastal ecosystem. It encloses 
the Valo Grande channel, built 160 years ago, which introduces water from the Ribeira River directly into the estuarine 
system, contributing to important biogeochemical changes in the region. Many nutrients arrive at the estuary through 
this channel, as well as metals and other slightly soluble elements that become part of the sediments. This study 
aims to evaluate the processes that govern the distribution of rare earth elements (REE) in the sediments of the 
complex by using fractionation patterns, anomalies, and the geochemical signature of minerals to evaluate sources, 
natural levels, and the possible anthropogenic forcing to which CIELC is subjected. ∑REE* ranged from 14.2 to 285 
mg kg-1 and showed a distribution related to depositional/textural characteristics influenced by the regional and local 
lithological setting and a possible contamination. The REE/Al ratio indicated enrichment in the sea adjacent to the 
estuary and at stations in the Ribeira River and Valo Grande. While the Hf/Al ratio indicated natural enrichment related 
to the presence of heavy minerals in most of these stations, this ratio fails to justify enrichment at some stations in 
the northern part of the estuary and the Ribeira River. Fractionation patterns and anomalies allowed us to identify 
the main heavy minerals related to REE enrichment at CIELC. Cerium (Ce) anomalies showed a possible relation 
with biologically mediated Ce+3 to Ce+4 oxidation processes in the most productive areas of the estuary. Europium 
(Eu) anomalies were strongly associated with different mineral assemblies in several CIELC sectors. Abundance, 
fractionation patterns, and REE anomalies corroborate the categorization of CIELC sediments as part of a pristine 
system in its southern region and as subject to anthropogenic influences in its northern area.
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radius of these elements as their atomic numbers 
increases, an effect known as “lanthanide 
contraction”. The relatively regular variation in the 
ionic radius of REE is of enormous importance to 
their chemical properties; each element within this 
group has remarkably similar characteristics to its 
neighbors but significantly different characteristics 
to elements with distant atomic numbers 
(Henderson, 1984; Moeller, 1985). Thus, REE 
are typically classified into subgroups. Members 
of the lanthanum series with low atomic numbers 
are called light rare earth elements (LREE); those 
with the highest atomic numbers are called heavy 
rare earth elements (HREE); and the intermediate 
members, from samarium (Sm) to terbium (Tb), 
are known as intermediate/medium rare earth 
elements (MREE).

All REE are trivalent in natural environments, 
except for europium (Eu – Eu+2 and Eu+3) and 
cerium (Ce – Ce+3 and Ce+4). Eu+2 suffers a 
lower power of attraction from its nucleus over 
its electronic layers due to its additional electron, 
causing it to have a greater ionic radius. The same 
happens with Ce+4. As it has one less electron 
than its trivalent speciation, its nucleus more 
greatly attract its electronic layers, resulting a 
smaller ionic radius. The oxidation states of these 
two elements alter their reactivity characteristics, 
which can change their relative environmental 
abundances in comparison to their trivalent 
neighbors. This change in abundance can be 
identified as an anomaly. If the abundance of Ce 
or Eu is slightly higher than expected compared to 
its trivalent neighbors, it is called positive. On the 
other hand, if the observed abundance is less than 
expected, it is called negative.

REE have important geochemical properties 
that enable them to be used as indicators of several 
geochemical processes in natural environments. 
Geologically, these elements are considered 
incompatible: They are mainly incorporated 
into the crystalline net of common minerals by 
replacing elements with similar ionic radius. Thus, 
the main causes of the variation in the distribution 
of REE on rocks refer to their incorporation to 
mineral structures and the paragenetic conditions 
of mineral formation (Henderson, 1984). Although 
some authors have shown that chemical weathering 

can mobilize REE (Balashov et al., 1964; Burkov 
and Podporina, 1967; Nesbitt, 1979; Leroy and 
Turpin, 1988; Rolland et al., 2003; Maulana et al., 
2014; Vinnarasi et al., 2020), these elements are 
considered to have low mobility and their content 
in sedimentary rocks naturally reflects the mineral 
content of their source rocks and the processes 
which formed the minerals incorporated into such 
sources (Mclennan, 1989; Yang et al., 2002; 
Armstrong-Altrin et al., 2012).

These characteristics make REE good tracers 
of the sources of terrestrial material in sediments 
and a powerful tool to indicate sedimentary 
provenance and depositional processes in 
estuarine and coastal systems (e.g., Chaillou 
et al., 2006; Marmolejo-Rodríguez et al., 2007; 
Prego et al., 2009; Liu et al., 2013; Um et al., 
2013; Fiket et al., 2017; Rao et al., 2017; Wu 
et al., 2019; Kechiched et al., 2020; Slukovskii 
et al., 2022), scavenging processes and the 
chemical weathering of drainage basins (e.g., 
Byrne and Kim, 1990; Bau, 1999; Haley et al., 
2004; Bau and Koschinsky, 2009; Yusoff et al., 
2013; Su et al., 2017), and anthropogenic inputs 
on sediments (e.g., Elbaz-Poulichet and Dupuy, 
1999; Borrego et al., 2004, 2012; Oliveira et al., 
2007; Hannigan et al., 2010; Shynu et al., 2011; 
Tranchida et al., 2011; Pérez-López et al., 2016; 
Elias et al., 2019; Godwyn-Paulson et al., 2022). 
According to Schäfer et al. (2016), these elements 
are currently considered as emerging inorganic 
contaminants, having an increasing relevance and 
demand as critical elements for the construction 
of technological products. Moreover, REE can 
accumulate on ore beneficiation by-products, 
phosphate rock mining, among others, and be 
carried to rivers.

Estuarine systems are often the destination 
for compounds originated during continental 
weathering and as a result of anthropogenic 
action. These environments undergo large and 
rapid variations in their physicochemical gradients 
and local conditions, such as advective transport, 
changes in redox conditions, mixing of fresh and 
saline waters, etc., receiving sediments from both 
fluvial and marine sources and being able to retain 
trace metals and diversified organic compounds. 
The distribution of REE and other elements of 
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environmental concern in estuarine sediments 
are especially useful for assessing provenance 
and environmental quality, especially on transport 
and continent/ocean interface processes. Thus, 
the main focus of this study was to evaluate 
REE abundance, fractionation and anomalies; 
determine the major processes and factors 
controlling the concentration of these elements in 
the sediments of the Cananéia-Iguape Estuary-
Lagoon Complex (CIELC), an estuary recognized 
as an Atlantic Forest  Biosphere Reserve  by the 
United Nations Educational, Scientific and Cultural 
Organization (UNESCO), and its connections to 
the sea; understand natural distribution patterns, 
sources, and the influence of the local geology; 
and check possible regions subject to deposits of 
contaminated sediments. The functions, effects, 
and environmental fates of these elements 
have received increasing attention, therefore its 
distribution is of profound interest to coastal and 
estuarine science.

METHODS

Study area
CIELC covers a large portion of the southern 

coast of São Paulo State, Brazil, is more than 90 
km long, and comprises four islands surrounded by 
estuarine and tidal channels and coastal lagoons. 
Its northern part has an artificial channel that links 
the Ribeira River to its estuarine waters (Figure 1a).

CIELC has three connections to the adjacent 
ocean: one to the north, the Icapara bar, and 
two others to the south, the Cananeia and 
Ararapira bars. The most important drainage 
basin that supplies the system with fresh water 
has approximately 23,350 Km2 and converges 
mainly to the Ribeira River (Almeida, 1976). The 
outflow in its lower course varies from about 100 
to more than 1500 m3 s-1. This variation is strongly 
controlled by the climatic regime (Tessler and 
Furtado, 1983; Bérgamo, 2000).

At Iguape, in northern CIELC, part of the 
flow of the Ribeira River was diverted after the 
construction of the artificial Valo Grande channel 
from 1828 to 1852. It was built to facilitate 
transportation of goods between the Ribeira River 
and the estuary, in which lied the main local export 

harbor. With a length of less than 4 km, it originally 
was 4.4 m wide and 2.0 m deep. Transport of 
terrestrial material from its bed and margins has 
widened the channel, changing the ecological 
and physic-chemical characteristics of northern 
CIELC. Nowadays, the artificial channel of the Valo 
Grande is more than 250 m wide with a maximum 
depth of 12 m. About 60% of the discharge of 
the Ribeira River is diverted directly into CIELC 
by Valo Grande (Ribeira de Iguape and South 
Coast Hydrographic Basin Committee, 2008), 
introducing a large amount of fresh water into 
CIELC, excavating and carrying a large amount of 
suspended material and sediments (Tessler and 
Furtado, 1983) and contributing to increasing the 
introduction of nutrients and contaminants into 
CIELC as a whole (Braga and Chiozzini, 2012).

The artificial Valo Grande channel is the main 
human environmental impact in CIELC. The 
Ribeira River drainage basin holds some of the 
largest ore deposits in São Paulo State. Mining 
activities began in the region during the gold rush in 
the 16th century. Later, mining activities extracted 
and industrially processed lead, which directly 
impacted the local water bodies in the 20th century 
(Guimarães and Sígolo, 2008; Mahiques et al., 
2013; Tramonte et al., 2018). Mining phosphate 
rock for fertilizers has taken place since 1938 
in the Ribeira River basin, which has also been 
shown to be an impact vector for the CIELC. Some 
authors have related the high levels of phosphate 
entering the estuary through the Valo Grande to 
the mining of phosphate rocks, which mainly takes 
place in Cajati (CETESB, 2013).

Water circulation is mainly driven by the 
action of tidal waves (Miyao et al., 1986). The 
freshwater contribution of rivers, mainly through 
the Valo Grande, also plays an important role in 
the circulation of CIELC.

Regarding its geological background, the 
Ribeira River basin has great lithological-structural 
complexity (Figure 1b). The Ribeira River basin 
lies in a region comprising three major geological 
domains. According to Ross (2002), its upper lands 
shows rocks predominantly composed of granite 
types, quartzites, granitic gneisses, phyllites, mica 
schists, calcareous, and dolomite. Ridges rise from 
this level sustained by granites, quartzites or even 
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by more erosion-resistant calcareous tops from 
1050 to 1150 m heights. From this area, the Ribeira 
River basin progressively loses altitude, defining 
reliefs in the form of hills that are steeply carved in 
less weathering-resistant metasedimentary rocks - 
especially phyllites, mica schists, and limestone, 
which also relate to local mineral deposits (Souza 
et al., 1996). Unconsolidated marine sandy 
sediments prevail in the coastal lowlands and 
the inner plains have recent river deposits and 
alluvial and colluvium-alluvial species selected 
from Pleistocene formations (Almeida, 1976; 
Ross, 2002). In the coastal plain, a pre-Cambrian 
crystalline basement outcrop occurs to the north, 
near the municipality of Iguape, whereas, in 
the center and to the south, the Cardoso Island 
consists of metamorphic rocks such as phyllites, 
mica schists, and gneisses. Mesozoic intrusive 
alkaline rocks appear near the urbanized region 
of Cananéia.

The Ribeira River basin comprises about half 
of all the native vegetation of São Paulo State and 
is one of the largest preserved areas of the Atlantic 
Rainforest (Veloso et al., 1991), showing the 
native Atlantic Forest biome, dense ombrophilous 
vegetation, mixed ombrophilous forest, and altitude 
fields. The prevailing vegetation in the CIELC plain 
consists of well-structured mangroves, marshes, and 
the restinga (SUDELPA, 1987; Cunha-Lignon, 2001).

The southern portion of the draining basin 
(in the Cananéia region) consists of a small 
hydrographic system, which drains mainly into the 
internal portion of the Trapandé Bay. According 
to Bérgamo (2000), annual discharge varies from 
5.8 to 100 m3 s-1. Tidal effects are more efficient 
in this sector, constantly renewing the local water. 
The absence of industry occupation and the 
low population (working in fishing and tourism) 
contribute to a lower anthropic impact in this sector 
of the system.

Figure 1. Location of the CIELC (São Paulo, Brazil). Sediment sampling points (a) and a simplified map of the 
lithology of CIELC (b).

Sampling
Surface sediment samples were collected at 

34 locations in CIELC (Figure 1a). Its two regions 
(north and south) were subdivided into six sectors, 
three of which were in northern CIELC and three 
in southern CIELC.

Northern CIELC sectors were divided as follows: 
(i) Ribeira River, comprising stations R1, R2, R3, 
R4, R5, and R6; (ii) the sea adjacent to northern 
CIELC, comprising stations MY1, MY2, MY3, and 
MY4; and (iii) Pequeno sea/Iguape, comprising 
stations 1, 2, 3, 4, 4A, 5, and P. Tombo. Southern 
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sectors were divided thus: (iv) Cananéia sea and 
Trapandé Bay, including stations 6 to 12; (v) the 
Ararapira channel, including stations 13 to 18; and 
(vi) the sea adjacent to southern CIELC, comprising 
stations MC1, MC2, MC3, MC4, and MC5.

Surface sediments were sampled using a 
stainless-steel van Veen grab with an area of 0.05 
m2, collecting aliquots of about 3 cm of the surface 
layer of the sediment in the center of the device. 
Approximately 30 g of each sample were stored in 
polycarbonate vials with polyethylene caps, which 
had previously been washed with a solution of 2 
mol L-1 HCl, rinsed with ultrapure water, and dried 
at room temperature. The tubes containing the 
samples were frozen at −20°C and lyophilized after 
a few days. Sediments were then disaggregated 
using an agate mortar and pestle, homogenized, 
reset in their original vials, and stored in a desiccator 
containing silica gel, from which they were only 
removed for subsequent determinations.

Analytical procedures and quality 
control

The organic matter and biodetritic carbonate 
in the sediments were evaluated using gravimetry 
after  5.0 g of the samples were treated with 
1.0 mol L-1 H2O2 at 60°C and 1.0 mol L-1 HCl, 
respectively. Grain size was analyzed using the 
sediments resulting from the elimination of organic 
matter and biodetritic carbonate. These were then 
dispersed in 2.0 mL of a 1% sodium hexa-meta 
phosphate solution and analyzed by low-angle 
laser light scattering (LALLS) using a Malvern® 
Mastersizer 2000 analyzer. 

REE (La, Ce, Nd, Sm, Eu, Gd, Tb, Tm, Yb, 
and Lu) and Hf, Th, Zr content was determined by 
instrumental neutron activation analysis (INAA) at 
the Nuclear and Energy Research Institute (IPEN/
CNEN). Briefly, 200-mg sample aliquots were 
weighed and packed in cleaned polyethylene 
capsules (HNO3 at 2.0 mol L-1 and ultrapure water). 
The same procedure was used to prepare the three 
reference materials: Soil-5 (IAEA), BEN Basalt 
(CNRS), and BRP-1 (CRPM and USGS). Samples 
and reference materials were then alternately 
placed in a cylindrical aluminum cap, which was 
sealed and sent to the research reactor IEA-R1, in 
which they were subjected to a neutron flux of 1 

to 5 × 1012 n cm-2 s-1 for eight hours. After cooling, 
the counting rate was obtained for the samples and 
reference materials by gamma spectrometry using a 
semiconductor (hyperpure Ge) detector connected 
to a CANBERRA® 8192 multichannel system (model 
GMX2020) and associated electronics. Expanded 
uncertainties were calculated by a coverage factor 
(k=2), the combined uncertainties from counting 
statistics (major contribution), and uncertainties of 
the certified material analysis. Our methodology 
was validated by reference materials analysis.

To verify methodological accuracy, two 
analyzed reference materials were used as 
standards to calculate the concentration of 
each element determined in the third reference 
material. Results were compared to the certified 
values and the relative error (RE) and the relative 
standard deviation (RSD) were calculated (Table 
S1, Supplementary Material). Good agreement 
between the obtained and certified concentrations 
was achieved for all elements.

Aluminum (Al) content was determined by 
laser-induced breakdown spectrometry (LIBS) 
using the comparative technique at the Institute of 
Chemistry at the University of São Paulo. In total, 
450 mg of each sample and certified reference 
material were precisely added to 50.0 mg of pure 
SPEX® Sample Prep Aid (binder). The sample 
and binder were macerated with an agate mortar 
and pestle to form a homogeneous mixture, 
transferred to a set of molds, and compacted in 
a SPEX® 3635 X-PRESS hydraulic press at a 
pressure of 10-tonne cm-2 for 10 minutes to form 
a uniform surface tablet. Overall, six certified 
reference materials were used to construct the 
analytical curve: BEN Basalt (CNRS), Soil-5 
(IAEA), IAEA 405 (IAEA), BRP-1 (CRPM/USGS), 
marine sediment MESS-3 (NRCC), and estuarine 
sediment SRM-1646a (NIST). The samples and 
reference materials/standards were analyzed 
using Applied Spectra® J200 TANDEM equipment 
in an argon atmosphere. The values for each 
certified reference material were calculated using 
the other five reference materials as standard. 
Obtained results agreed to the certified values 
(Table S2), showing REs below 6.1%. 

All determinations were performed in 
duplicates. RSD among replicates averaged 3% 

https://zenodo.org/records/7764685
https://zenodo.org/records/7764685
https://zenodo.org/records/7764685
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and never exceeded 6.7% in any sample for all 
determined parameters.

Data Treatment

REE normalization by values of the 
Upper Continental Crust (UCC)

Normalization was undertaken using the UCC 
as the geological standard, with values following 
Wedepohl (1995), to eliminate the Oddo–Harkins effect 
caused by variation in natural abundance throughout 
the lanthanum series and to facilitate the identification 
of fractionation patterns between the REE.

The abbreviation [REE]UCC will be used to 
represent the normalized value of a given REE 
by the values suggested for the UCC. Values of 
[REE]UCC greater than 1.00 indicate enrichment 
of the REE, and values lower than 1.00 indicate 
depletion in relation to the UCC values.

∑REE and normalized La/Sm, La/Yb, 
Sm/Yb, and Sm/Nd ratios

∑REE was determined by adding La, Ce, Nd, 
Sm, Eu, Gd, Tb, Tm, Yb, and Lu values, in mg kg-

1. The used analytical method determines most of 
REE and the ∑REE* will be referred as the sum of 
determined REE in this study. Values of [∑REE*]
UCC were also determined by the sum of the values 
of each REE* in the samples divided by the sum of 
the values suggested for the UCC for that REE*.

[ΣREE*]UCC=   ΣREE*
ΣREE*

Normalized La/Sm, La/Yb, and Sm/Yb ratios 
were calculated according to the following equations: 

[La/Sm]UCC=   [La]UCC

[Sm]UCC

[La/Yb]UCC=   [La]UCC

[Yb]UCC

[Sm/Yb]UCC=   [Sm]UCC

[Yb]UCC

[Sm/Nd]UCC=   [Sm]UCC

[Nd]UCC

Ce and Eu anomalies 
Ce and Eu anomalies were calculated 

according to equations proposed by Taylor and 
McLennan (1985):

[Ce/Ce*]UCC =        3[Ce]UCC

2[La]UCC+[Nd]UCC

[Eu/Eu*]UCC =            [Eu]UCC

[Sm]UCCx[Gd]UCC

In which:
Ce/Ce* – Ce anomaly (obtained Ce/predicted 

Ce by the neighbouring La and Nd);
Eu/Eu* – Eu anomaly (obtained Eu/predicted 

Eu by the neighbouring Sm and Gd);

Statistics
Spatial distribution maps were created using 

Surfer 13®. Statistical treatments—including 
distribution tests, correlation matrices, and bivariate 
scatter diagrams—were created using Statistica 13®.

RESULTS AND DISCUSSION

Granulometry and textural composition
We observed a predominance of sandy 

sediments in practically all the CIELC, including in the 
stations in the Ribeira River and in the sea adjacent 
to the Icapara and Cananéia bars (Figure 2).

Table S3 shows Folk and Ward’s (1957) 
statistical parameters. Average grain diameter 
varied from 1.48 to 6.98 ϕ.

Ribeira River samples predominantly consisted 
of fine and medium sands, with silt and clay contents 
below 10%. Only R6, located in a river basin before 
Valo Grande and under low hydrodynamic energy 
showed a great silt and clay content (64.2%).

Pequeno sea sediments also showed a 
dominance of fine and medium sands, except for 
station 2 (which had a considerable silt and clay 
content – 45.5%) and the P. Tombo station (99.9%). 
The latter lies in an area with low hydrodynamic 
energy, a suitable region for fine sediment 
deposition. Tessler and Souza (1998) indicate that 
an accumulation of fine sediments occurs in areas 
in which southern and northern tides converge (P. 
Tombo). We observed that the predominance of 
high hydrodynamic conditions and the continuous 
erosion processes of the margins along Valo 
Grande precluded fine sediment retention. We 
hypothesize that a large part of the sediment 
transported across Valo Grande will be deposited 
in P. Tombo due to its low energy.

https://zenodo.org/records/7764685
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Figure 2. Distribution of the relative percentage of the granulometric fractions in the superficial se-
diments sampled in different CIELC sectors (R=Ribeira River; MY=sea adjacent to the Icapara Bar, 
CIELC stations 1–18; and MC=sea adjacent to the Cananéia Bar).

Cananéia sea sediments showed a significant 
amount of silt and clay, especially in stations 7 
(41.0%) and 8 (35.6%) due to its great winding 
course, which favors the accumulation of fine 
sediments in margins with low energy, as other 
authors have also observed (Souza et al., 1996; 
Barcellos et al., 2005, 2009). On the other hand, 
station 6 is shallow and showed an important 
thick fraction.

Ararapira channel sediments showed higher 
concentrations of silt and clay in the region 
connecting it to the Trapandé Bay, especially 
in station 13, in which 50.0% of its content 
corresponded to the < 63 µm fraction. Stations 15 
and 16 also had a significant silt and clay content 
(46.5 and 29.1%, respectively). This sector 
receives inputs from small rivers and converging 
tides that enter the Cananéia and Ararapira bars. 
This results in an area of low energy with fine 
sediment deposition resembling P. Tombo.

Outside the bars, in northern CIELC, the sea 
adjacent to the Icapara bar showed a higher 
content of fine sediments than the southern sector 
in the sea adjacent to the Cananéia bar. However, 
in general, both mainly consist of fine sand and 
very fine sand. We found a greater amount of 

silt and clay at station MC2 (18.8%) in the south 
and at stations MY2 (20.1%) and MY3 (18.9%) 
in the north. The sediments at stations MC1 and 
MY1 showed negligible silt and clay content, 
which probably stem from their proximity to the 
bars, which are dominated by high hydrodynamic 
energies (Miyao et al., 1986).

Stations 1, 10, 17, and 18 (in the transition 
zone between the estuary and the adjacent sea) 
showed negligible < 63 µm fractions. Stations 
4A and 5 also showed a negligible presence of 
fine sediments. Station 4A (in the final part of the 
Valo Grande channel) showed no fine fractions—
probably as a result of energy from the river flow 
to this location. Figure 3a shows the distribution of 
silt and clay throughout the CIELC.

The organic matter in surface sediments 
ranged from 0.05 to 12.07%. We observed the 
lowest value in station 1 (next to the Icapara bar) 
and the highest in P. Tombo (Figure 3b). In general, 
we found that only 29% of the samples had values 
of organic matter above 2%, and only 12% of 
our samples had values above 5%. The silt and 
clay content in the studied sediments apparently 
predominated in organic matter distribution. We 
found the lowest concentrations of organic matter 
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in stations with little or no material < 63 mm, as in 
stations R3, 1, 5, and 10. We observed the highest 
values in station R6, P. Tombo, and 13, whose fine 
fractions were more relevant.

Biodetritic carbonate amounts (Figure 3c) 
varied widely. Considering the entire system, 
65% of samples had levels above 2%. We found 
the lowest values at stations R1 and R3 (in the 
Ribeira River; 0.10 and 0.15%, respectively) 
and the highest values at stations 15 and 16 
(in the central part of the Ararapira channel; 
11.0 and 10.1%, respectively); in which we 
observed submerged sambaquis (prehistoric 
mounds containing the shells of marine mollusks 
made by Indigenous people a few thousand 
years ago, when the sea level was lower). In 
general, the inner northern CIELC had the 

lowest levels of biodetritic carbonate, except in 
station R6 (5.16%). We considered all samples 
as lithoclastic, according to the classification 
proposed by Larssoneur et al. (1982).

The textural composition of the superficial 
sediments along CIELC reflects hydrodynamics 
and the important influences of tides, erosion, 
transport, and the deposition of natural and 
anthropic materials, which enter the estuary from 
the Ribeira River after traveling through Valo 
Grande. Their interaction with marine waters results 
in an important inflow of fine suspended sediments, 
which are deposited in specific regions (especially 
in the northern region, in the northeastearn vicinity 
of P. Tombo), mainly transported southward during 
the rainy season and exported from the complex to 
the adjacent sea.

Figure 3. Distribution of silt and clay (a), organic matter (b), and carbonate (c) contents in the surface sediment of CIELC 
and the sea adjacent to the Cananéia and Icapara bars.

REE* and elemental balances
The geochemical composition of surface 

sediments reflects the composition of the original 
matrix and indicates the action of deposition, 
resuspension, dissolution, precipitation, 
hydrodynamic, pollution, and several other 
environmental processes associated with the 
system. In our case, some differences between 
CIELC sectors have already been identified thanks 
to granulometric analysis and the examination of 
the organic matter and carbonate content of these 
sediments. This segment of our study will highlight 
some environmental aspects, considering REE* 
(La, Ce, Nd, Sm, Eu, Gd, Tb, Tm, Yb, and Lu) and 
their associations with, Hf, Th, Al and Zr. Table S4 
shows the individual concentrations of each of 
these elements throughout CIELC.

Al concentrations ranged from 1.23 to 8.02%, 
with the lowest value at station 18 and the highest 
value at station P. Tombo. Zr concentrations 
ranged from 31 to 924 mg kg-1. We found the 
highest concentrations of this element at sea 
stations adjacent to the bars, both in northern and 
southern CIELC and at stations R1 and 4A and 
the lowest values at stations 18 (31 mg kg-1), 4 
(36 mg kg-1), and 10 (37 mg kg-1). Hf levels ranged 
from 1.1 to 45.0 mg kg-1 with a remarkably similar 
distribution to that of Zr. Th concentrations showed 
their highest values at sea stations MY3 and MY2 
(16.2 and 16.1 mg kg-1, respectively) and their 
lowest values at stations 18 and 17 (0.67 and 1.19 
mg kg-1, respectively).

Total REE* concentrations (∑REE*) in CIELC 
surface sediments varied widely across sectors, 
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averaging 93.9 mg kg-1. The stations with the 
highest values of this parameter were P. Tombo 
(285 mg kg-1), R6 (272 mg kg-1), MY3 (226 mg 
kg-1), and MC2 (225 mg kg-1). We observed the 
lowest values of ∑REE* in stations 10 and 18 
(14.2 and 14.3 mg kg-1, respectively); whose silt 
and clay fractions were insignificant.

REE/Al ratios generally serve as a proxy for 
the possible enrichment of REE in sediments 
accumulated on continental margins (Calvert and 
Pedersen, 2007). We calculated Al-normalized 
REE for CIELC samples as the normalized double 
ratio based on samples and the values Wedepohl 
(1995) proposed for UCC as a geological standard.

[REE/Al]UCC

sample
[Ce]
[En]

UCC
[Ei]
[En]

=

In which Ei is the concentration of the element 
of interest (REE* in this case) and En is the 
concentration of the normalizing element (Al). 

Figure 4 showed the [REE/Al]UCC of ∑REE* 
along CIELC (see to Figure S1 for the [REE/Al]
UCC distribution of each REE*). [REE/Al]UCC mainly 
values show ∑REE* enrichment (> 1.00) in 
adjacent sea stations, especially at MC2 (3.39), 
MY2 (3.19), MY3 (3.09), MY4 (2.25), MC5 (2.25), 
and MC4 (2.05); in the Ribeira stations, namely 
R4 (2.60), R6 (2,40), R1 (2.19), and 4A (2.16); 
and at the P. Tombo station (1.57). At the R6 
and P. Tombo stations, enrichment levels were 
greater for LREE* and MREE* than for HREE*, 
whereas in the Ribeira River and adjacent 
sea stations, [REE/Al]UCC exceeded those of 
HREE*. Eu stands out as the only REE* with the 
highest [REE/Al]UCC value at a station inside the 
estuary (R6).

Figure 4. Distribution of [REE/Al]UCC values calculated using UCC concentrations of ∑REE* in the surface sediments obtained 
at CIELC and the adjacent sea, summary of [REE/Al]UCC intervals obtained for each REE*, and the respective stations in which 
we observed such values.

Al-normalized elemental values from 2 to 5 
can indicate moderate contamination. Although 
the internal region of estuaries show an intense 
deposition of sediments from continental weathering 
and anthropogenic action, we unexpectedly found 
the highest [REE/Al]UCC values at sea stations 
adjacent to northern and southern CIELC.

We used Spearman’s correlation coefficient 
matrix (Table S5) to verify the degree of association 
between REE and other variables.

Al, which has the best correlation for silt and clay 
fractions (r=0.91), showed significant and positive 
correlation coefficients with ∑REE* and each 
REE*: La (r=0.80), Ce (r=0.82), Nd (r=0.78), Sm 
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(r=0.84), Eu (r=0.92), Gd(r=0.84), Tb (r=0.82), Tm 
(r=0.68), Yb (r=0.71), and Lu (r=0.67). We found a 
clear trend of higher correlation coefficients of Al 
with MREE* and LREE* than with HREE*, with its 
highest correlation to Eu.

Zr showed significant REE* positive 
correlations: La (r=0.81), Ce (r=0.78), Nd (r=0.80), 
Sm (r=0.80), Eu (r=0.67), Gd (r=0.79), Tb (r=0.79), 
Tm (r=0.79), Yb (r=0.83), and Lu (r=0.83) and for 
the elements Hf (r=0.89) and Th (r=0.83). We 
found the lowest elemental correlation for Zr to Al 
(r=0.50). Antagonistic to the Al trend, Zr shows a 
tendency of higher correlations for HREE* than to 
LREE* and MREE* and the lowest correlation with 
Eu among REE*.

Hf showed a positive and significant correlation 
coefficient with REE* and the element Th (r=0.77). 
Regarding REE*, the best Hf associations also 
occurred for the HREEs Lu (r=0.83) and Yb 
(r=0.79), whereas we found the lowest correlation 
coefficient with Eu (r=0.55). ∑REE* showed a 
correlation coefficient of r=0.71 with Hf.

Considering ∑REE* and the other analyzed 
non-REE, it best correlated with Th (r=0.98).

Zr and Al showed significant correlations with 
∑REE* (r=0.80 and 0.81, respectively) but a weak 
correlation between themselves, indicating that 
the main distribution of these elements is subject 
to different processes. According to Humphris 
(1984), the chemistry governing the distribution of 
REE is a complex interaction between primary and 
secondary processes and no simple rule control 
their transportation in their different degrees 
of metamorphism. Since REE have a strong 
tendency to adsorb and co-precipitate in Fe and 
Mn oxyhydroxides and argillominerals (Elderfield 
et al., 1990), most REE in sediments may be within 
detrital clay and silt particles and in heavy mineral 
grains, such as ilmenite, monazite, and zirconite 
(Rasmussen et al., 1998), which have naturally 
high REE contents.

We built a matrix of correlation coefficients 
between the analyzed elements and each 
granulometric fraction considering data analyzed 
by laser diffractometry (Table S6). Among the 
evaluated elements, Al and Eu showed the highest 
correlation coefficients with all fine granulometric 
fractions, the best of which with medium silt (r=0.93 

and 0.88, respectively). For the other REE* and 
Th, we found the highest correlation coefficients 
with the sub-sandy coarse silt fraction, with a clear 
downward trend in correlation values throughout 
the series. Zr and Hf only showed weak positive 
correlations with the granulometric very fine sand 
fraction. The only REE* that showed a significant 
correlation coefficient with the very fine sand 
fraction were the HREE Tm, Yb, and Lu.

To assist our interpretation of results in view of 
the complexity of the studied sediments, we built 
scatter diagrams using the findings for silt and 
clay, Al, Hf, Zr, Th, and ∑REE* (Figure 5). 

While Al fulfilled the requirement to normalize 
the sediments and minimize the effects of 
granulometric variation (Figure 5 a), it shows no 
linearity in the diagrams with Hf (Figure 5 b) and 
Zr (Figure 5 c). Despite their lack of linearity, these 
two elements show a similar scattering with Al, in 
which stations MC2, MY3, MY2, MC3, MC5 and 
4A stood out for their high Zr and Hf values. The 
diagrams for Th with Al (Figure 5d), ∑REE* with silt 
and clay (Figure 5e), and ∑REE* with Al (Figure 
5f) show very similar dispersions. The stations 
with high concentrations of Zr and Hf (MC2, MC3, 
MC5, MY2, MY3, MY4, and 4A) also stood out for 
their high levels of Th and REE*. However, the R6 
station contains low levels of Zr and Hf and lies 
above the predicted ∑REE* levels in the regression 
line in these three cases. Plotting ∑REE* with Hf 
(Figure 5g) and Zr (Figure 5h) shows that station 
dispersions are remarkably similar in the diagram, 
with REE enrichment at R6 and P. Tombo, when 
compared to the low values of Hf and Zr. Th, an 
element with geochemical characteristics very 
similar to REE, showed an excellent linearity in its 
diagram with such elements (Figure 5i), indicating 
that the same processes and mineral sources 
probably act in the distribution of these elements. 
However, we found different results for the R6 and 
P. Tombo stations as REE exceeded the value 
predicted by the regression line, whereas MY2 
showed a value slightly below that estimated by 
linear regression. The enrichment of Th in relation 
to ∑REE*, as evinced in station MY2, may suggest 
the differentiated presence of heavy minerals. 
Specific mineralogical studies are required 
to verify the degree of influence of a possible 
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difference in mineralogical composition between 
these sectors and/or a possible REE desorption at 
salinities close to 10 with subsequent readsorption 
in salinities above 15, as described by Lawrence 

and Kamber (2006). Such process must occur in 
the northern region in a more pronounced way as 
it is more susceptible to sudden changes in salinity 
levels than the southern sector.

Figure 5. Scatter diagrams of Al with the silt and clay fraction (a), Hf and Al (b), Zr with Al (c), Th with Al (d), ∑REE* with 
silt and clay (e), ∑REE* with Al (f), ∑REE* with Hf (g), ∑REE* with Zr (h), and ∑REE* with Th (i) in CIELC and adjacent 
sea surface sediments.

A comparative study of correlations and scatter 
diagrams shows that CIELC REE values are mainly 
driven by the Al-enriched distribution of secondary 
minerals and the presence of different mineral 
assemblies—especially heavy minerals since Zr 
and Hf indicate the presence of such minerals.

According to Schropp and Windom (1988), 
the interpretation of metal values in sediments 
is hampered by the fact that the absolute 
concentration is subject to a wide variety of factors, 
including sediment mineralogy, granulometry, 
carbonate and organic matter content, and factors 

such as anthropogenic enrichment. Therefore, it is 
difficult to distinguish the extent to which natural 
factors, as opposed to human led, caused the 
observed concentrations (Kalis et al., 2003).

Heavy minerals may have a primary origin 
in a wide range of rocks, especially in igneous 
formations such as granitic pegmatites and 
syenites, and metamorphic environments, such 
as shale and gneisses, which can be used to 
trace sediment origin and indicate sedimentary 
dynamics. As mentioned (Figure 1b), the Ribeira 
River basin has all rock formations above as 
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heavy mineral suppliers. Heavy minerals such 
as ilmenite (FeTiO3), zirconite (ZrSiO4), rutile 
(TiO2), hematite (Fe2O3), magnetite (Fe3O4), and 
monazite (LREE, Th)PO4, among others, indicate 
high energy depositional conditions (Dellwig et al., 
2000; Hinrichs et al., 2002; Buynevich et al., 2004), 
resulting in the enrichment of Zr, Hf, Titanium (Ti), 
and Fe in sediments.

To verify the possible enrichment of heavy 
minerals in sediments, many authors use the Zr/Al 
ratio. The higher the Zr/Al values are, the higher the 
enrichment of heavy minerals in samples (Kolditz 
et al., 2012). The use of such ratio requires caution 
as values are low for both low hydrodynamic 
regions and very high energy environments, 
without < 63-μm particle deposition.

This study used the Hf/Al ratio instead of the 
traditional Zr/Al ratio. Given the geochemical 
similarity and the mineralogical affinity between 
Hf and Zr—and considering the greater precision 
and accuracy of Hf than Zr in INAA analysis—
the Hf/Al ratio is more accurate and adequate 
than the Zr/Al ratio in this case (Table S1). Hf/
Al ratios for the surface sediment in the studied 
area showed values from 0.5×10-3 to 11.6×10-3. 
We found the highest values in stations MC2 and 
MC4 (9.1×10-3), MY3 (8.8×10-3), MY2 (8.4×10-3), 
MC3 (7.7×10-3), 4A (7.2×10-3), and R1 (5.6×10-3). 
The other stations had < 4.00×10-3 Hf/Al ratios. 
We observed the lowest values for this parameter 
at P. Tombo and 10 (0.6×10-3), R3 (0.7×10-3), 18 
(0.9×10-3), R2 (1.0×10-3), 4 (1.1×10-3), 7 (1.2×10-

3), 12 (1.5×10-3), 5 (1.5×10-3), 6 (1.6×10-3), and 
R6 (1.7×10-3). These stations have very different 
depositional conditions, with R2, R3, 4, 5, 6, 10, 
and 18 under strong hydrodynamic conditions 
(in which we found no evident deposition of fine 
sediments) and stations P. Tombo, R6, 7, 12, 
and 13 under low to moderate hydrodynamic 
conditions.

Stations with high Hf/Al ratios coincide with 
those with the highest REE* enrichment. These 
stations lied in the sea adjacent to the northern 
and southern bars of CIELC and at stations R1 
and 4A. However, the R6 and P. Tombo stations, 
also enriched in REE, showed no Hf/Al values to 
justify their high levels of these elements.

UCC-normalized REE patterns and 
fractionation

Normalized REE* values (Table S7) show a 
general depletion pattern (< 1.00) in relation to the 
suggested values for the UCC. Exceptions to this 
pattern occurred at stations R6, MY2, MY3, MY4, 
and P. Tombo in northern CIELC and at stations 15 
and MC2 in southern CIELC (Figure 6).

Table S7 shows the [La/Sm]UCC, [La/Yb]
UCC, and [Sm/Yb]UCC ratios, tools to measure the 
individual relative fractionation between the REE 
that may be due to weathering processes and 
modified in estuarine systems (Nesbitt, 1979; 
Goldstein and Jacobsen, 1988; Ma et al., 2007). 
La represents an LREE that is immune to change 
due to modifications in its redox conditions and 
highly precise and exact INNA values. For these 
reasons, Sm represents the MREE subgroup. Yb 
represents the HREE subgroup as it has not only 
greater accuracy and precision than Lu (according 
to INAA) but also concentrations between six and 
eight times higher, thereby enabling more precise 
results in the application of normalized ratios. 

 [La/Sm]UCC values, representing the 
fractionation between LREE and MREE, ranged 
from 0.71 to 1.39 and averaged 1.00. We found 
values above 1.00 in 38% of our samples — at 
stations 17 (1.39), R6 (1.32), 1 (1.22), MC5 (1.15), 
MC1 (1.10), MC4 (1.09), MC3 (1.07), R1 (1.07), 
R3 (1.06), 11 (1.04), R2 (1.02), and MC2 (1.00). 
The sea stations adjacent to the Icapara bar 
showed values below 1.00 and the sea stations 
adjacent to the Cananéia bar, values above 1.00, 
thus evincing different marine influences in the 
northern and southern regions of the system.

[La/Yb]UCC, which represents the fractionation 
between LREE and HREE, showed values from 
0.80 to 1.67. We found HREE enrichment ([La/
Yb]UCC < 1.00) in stations with high Hf/Al values, 
indicating the presence of heavy minerals (e.g., 
MC2, MY2, MY3, 4A) and in those under high 
hydrodynamic conditions without fine sediments 
(e.g., 1, 10, 18). According to Jacobsen (1988), the 
terrestrial input from rivers to oceans is depleted in 
HREE in relation to LREE; corroborated by the fact 
that we only obtained [La/Yb]UCC values below 1.00 
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in some stations in the sea adjacent to northern 
and southern CIELC and in the internal stations 
under great influence of its bars.

 [Sm/Yb]UCC values, which represent the 
fractionation between MREE and HREE, ranged 
from 0.76 to 1.68. The distribution of values 
resembled those obtained for the [La/Yb]UCC ratio 

(r=0.80; see Table S7 and Figure 7a), in which we 
found values above 1.00 in 76% of our samples, at 
stations R1, R2, R3, R6, MY2, MY3, MY4, 2 to 9, 
11–18, and MC1. We observed values below 1.00 
at stations MC2 (0.99), MC3 (0.98), R4 (0.92), 
MY1 (0.91), MC4 (0.88), 10 (0.85), MC5 (0.78), 
and 1 (0.76). 

Figure 6. REE* distribution patterns normalized by UCC for surface sediments sampled in several CIELC sectors: 
Ribeira River (a), adjacent northern sea (b), Pequeno Sea (c), adjacent southern sea (d), Cananéia sea/Trapandé Bay 
(e), and the Ararapira channel (f).

Ce and Eu anomalies
Ce anomalies in sediments are usually related 

to the oxidation of Ce+3 to the least soluble Ce+4, 
resulting in negative anomalies in estuarine 
and marine waters and positive anomalies in 
the sediments below them. Sholkovitz (1993) 
indicated that this phenomenon occurs in two 
distinct estuarine regions: those with low salinity, 
in which pH changes are the main factors in the 
oxidation of Ce+3 into the less soluble Ce+4, which 
promotes a more extensive removal of this element 

from the waters than its trivalent neighbors, being 
adsorbed to fluvial colloids that will undergo 
estuarine flocculation and coagulation in mixing 
zones; and in more saline regions (salinity > 20), 
in which the oxidation of Ce3+ into Ce4+ can be 
biologically mediated in more productive sites. We 
found [Ce/Ce*]UCC values from 0.63 to 1.06, which 
were positive at stations 15 (1.06), 16 (1.06), R6 
(1.05), 14 (1.04), P. Tombo (1.01), and 6 (1,00). 
The slightly positive anomalies we observed at the 
R6 and P. Tombo stations are probably associated 
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with the oxidation and adsorption processes of Ce+4 
into fluvial colloids (which occurs along the riverside 
due to its predominantly alkaline waters), whereas 
the values we observed at stations 6, 14, 15, and 
16 may also be associated with the biologically 
mediated oxidation of Ce+3 into Ce+4. This stems 
from the higher productivity of these stations, which 
is associated with high levels of light penetration 
(low k values) and high values of chlorophyll-a. The 
negative anomalies of Ce in most stations could be 
associated with two concomitant causes. The first is 
the removal of Ce by oxidation and its consequent 
adsorption into the colloids in the water column, 
followed by its deposition along the Ribeira River. 
This assumption is supported by the higher value 
of [Ce/Ce*]UCC at station R6 than at the P. Tombo 
one. The second is that the composition of the main 
rock sources that gave rise to sediments could have 
negative Ce anomalies, which could result in [Ce/
Ce*]UCC values below1.00, even in sediments with 
little or no silt and clay fraction content.

Eu anomalies have higher amplitudes than 
Ce ones, ranging from 0.56 to 1.56. Positive Eu 
anomalies may relate to different phenomena. We 
found strong positive anomalies in sandy samples, 
i.e., MY1 (1.19), 6 (1.15), 10 (1.42), and MC1 
(1.52), which had a degree of selection ranging 
from moderately selected to well selected and may 
indicate increased levels of potassic feldspars and 
plagioclase in these stations. Eu+2 is compatible 
with this mineral during magmatic differentiation, in 
contrast to trivalent REE (Henderson, 1984). Tessler 
and Furtado (1983) observed an increase in the 
concentration of feldspathic grains in the Pleistocene 
sandy sediments of the Cananéia Formation—i.e., 
the rupture zone and shallow platform in the studied 
area—reinforcing this hypothesis. Positive [Eu/Eu*]

UCC also occurs in samples with a higher content of fine 
sediments, such as in R6 (1.18), 2 (1.18), P. Tombo 
(1.15), and 15 (1.06). According to Erel and Stolper 
(1993), slight Eu anomalies in sediments occur as a 
consequence of the Eu organic-binding constant with 
oxyhydroxides exceeding those observed for their Sm 
and Gd neighbors. Benes et al. (2003) associated Eu 
positive anomalies with the low dissociation rate of 
Eu-humic compounds in slightly alkaline hydrogen 
ionic potentials common in estuaries. As the organic 
matter and iron and manganese oxyhydroxides play 
an important role in the adsorption of REE and other 
trace elements to particle surfaces and since Eu 
has a higher binding affinity to these substrates than 
other REE—as per Benes et al. (2003)—estuarine 
sediments with substantial amounts of clays and 
organic matter availability tend to show positive Eu 
anomalies. However, note that such northern stations 
showed more pronounced Eu anomalies than station 
15, in southern CIELC.

Stations MC2, MY2, MY3, MY4, 4A, and R1 
showed strong negative Eu anomalies (Figure 
6). These stations, enriched in REE in relation to 
UCC, had Hf/Al ratios indicating the presence of 
heavy minerals. We also observed negative Eu 
anomalies at R4, MY4, 1, 3, 4A, 5, 8, 9, 11, 13, 14, 
17, MC4, MC4, and MC5.

Our Spearman matrix shows the correlation 
coefficients for these parameters, which we used 
to evaluate the extent of the linear relationship 
between ratios and anomalies (Table S8). We used 
these results several to plot the listed variables as 
dispersion diagrams and employed the parameters 
that could modify their values as Hf/Al ratios 
change to verify individual distribution patterns and 
relate them to ordinal qualitative variables, such as 
the degree of sediment selection (Figure 7).

Figure 7. Scatter diagrams showing several REE ratios, namely [Sm/Yb]UCC ×[La/Yb]UCC (a), Hf/Al×[Eu/Eu*]UCC (b), and Hf/
Al×[Ce/Ce*]UCC (c), for CIELC and adjacent sea surface sediments.
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The observed non-significant correlation 
between [Eu/Eu*]UCC and [Ce/Ce*]UCC (r=0.35, 
Table S8) indicates that the processes causing 
such anomalies are unrelated. While [Eu/Eu*]
UCC shows a significantly negative and strong 
correlation coefficient with the Hf/Al ratio (r=-
0.61, Table S8 and Figure 7b), [Ce/Ce*]UCC has no 
significant correlation with the Hf/Al ratio (r=0.06, 
Table S8 and Figure 7c).

Although we found the highest CIELC ∑REE* 
values in stations with a predominantly fine 
granulometric composition (R6 and P. Tombo), 
we also observed enrichment in relation to UCC 
values at stations R1, R4, MY2, MY3, MY4, 4A, 
and MC2, which showed predominantly sandy 
sediments and whose Hf/Al ratios indicated heavy 
mineral enrichment. While R6 and P. Tombo 
showed LREE enrichment ([La/Yb]UCC=1.60 and 
1.63, respectively), positive Eu anomalies (1.21 

and 1.18, respectively), and Ce positive anomalies 
(1.05 and 1.01, respectively), stations with heavy 
mineral enrichment showed values for [La/Yb]UCC 
from 0.89 (R4) to 1.42 (R1) and strongly negative 
Eu anomalies from 0.56 (4A) to 0.80 (MY2), 
and negative Ce anomalies from 0.82 (R4) to 
0.97 (MY2).

REE signatures in heavy minerals at 
CIELC

Potentially REE-enriched heavy minerals 
are involved in the observed REE distribution 
patterns and in the natural processes promoting 
such patterns, as previously evinced. Tessler 
(1988) surveyed the presence of heavy minerals 
throughout CIELC. We compared these data with 
evinced REE constitution patterns in each possible 
heavy mineral that could cause such enrichment 
(Table 1).

Table 1. Summary of the heavy minerals enriched in REE with reported occurrence in sediments by previous authors in the 
studied area.

Heavy mineral Average content in 
the region (%)a ΣREE content b Main elements in the com-

positionb Main REE characteristicsb

Alanite - ~18% Ca, Al, Fe, Si, Hf LREE enrichment, mainly La 
and Ce

Apatite - 1 to 12% Ca 40%, P 18% LREE enrichment, negative Eu 
anomaly, positive Ce anomaly

Augite < 0.5% ~ 1% Ca, Mg, Fe, Si, Al HREE enrichment, positive Eu 
anomaly

Garnet ~ 3.0% 0.5 to 4% Mg, Ca, Fe, Al, Cr, Hf
HREE Enrichment, negative 
Eu anomaly, positive Ce ano-
maly

Hyperstene < 2% ~ 2% Mg 10%, Fe 25%, Si 25% HREE Enrichment, positive Eu 
anomaly

Hornblende ~ 15% - Si, Al, Ca, Fe, Mg MREE enrichment followed by 
LREE enrichment

Ilmenite ~ 1.5% 10 to 200 mg kg-1 Fe 37%, Ti 32% Equally enriched in all REE

Monazite < 0.5 % ~ 56% Th 5%, P 13% LREE enrichment (especially 
La), negative Eu anomaly

Titanite < 0.5 % ~ 4% Ti 18%, Ca 19% LREE enrichment

Zirconite ~ 22% ~ 4% Th, Zr 43%, Hf 5%, Si 15% HREE enrichment, negative 
Eu anomaly 

a relative content of each heavy mineral considering the total assembly of heavy minerals. Values calculated from Tessler (1988); 
b composition in ΣETR and other major elements in the minerals obtained from “Mineralogy Data Base” (www.mindat.org), Yang et al. 
(2002) for apatite, Jang and Naslund (2003) and Karimpour et al. (2009) for ilmenite, and complemented with observations by Clark 
(1984).
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Among the main minerals that cause REE 
enrichment in certain sectors of the estuary, we 
can disregard apatite and alanite because they are 
depleted in Th. Moreover, REE and Th enrichments 
are strongly associated (Figure 5i). Moreover, 
alanite also shows a remarkable enrichment in 
LREE, mainly in Ce (positive Ce anomalies), which 
was absent in the studied sediments with  high Hf/
Al ratios, indicating the presence of heavy minerals.

Hypersthenium is a heavy mineral that 
preferentially incorporates HREE. However, it 
generally shows a remarkable positive Eu anomaly, 
making it unlikely that it be an important enricher 
of REE in CIELC since high Hf/Al stations show 
strongly negative [Eu/Eu*]UCC. Although present in 
most samples in Tessler (1988), we considered the 
verified concentrations as low and this mineral as 
very rare in the environment according to Gianini’s 
(1987) classification.

Ilmenite had low concentrations in REE (from 
10 to 200 mg kg-1) for the values we observed in the 
sediments enriched in REE and heavy minerals.

Titanite, enriched mainly in Ti, Ca, and REE, has 
a low abundance throughout the system, with values 
always below 1% of the total heavy mineral assembly 
(Tessler, 1988), and a characteristic of enrichment of 
LREE in relation to HREE (mainly lanthanum), an 
absent circumstance in samples in which Hf/Al ratios 
indicated heavy mineral enrichment.

According to Tessler (1988), garnet has an 
average local abundance of about 3%. Such mineral 
is strongly enriched in HREE and shows negative Eu 
and positive Ce anomalies, an absent circumstance 
in sediments enriched in heavy minerals.

Zirconite, a mineral present in many igneous 
rocks as the primary product of crystallization, in 
metamorphic rocks as recrystallized grains, and in 
sedimentary rocks as detrital grains, is the main 
candidate for heavy mineral action on the REE 
anomalies in this study. It has a content enriched in 
REE, Th, and U, with a strong negative anomaly for 
Eu and enrichment in HREE with respect to LREE. 
The significant correlation coefficient, positive and 
strong between Th and REE (> 0.92 for all REE)—
except for Eu (r=0.88, Table S5)—supports this 
assumption. Zirconite also shows elevated [Lu]UCC 
contents in relation to [Yb]UCC, [Tm]UCC, and [Tb]UCC, 
which we observed in all samples with high Hf/Al 

ratios. Tessler (1988) found zirconite in all samples, 
including those from the Cananeia Formation, the 
coastal cords, the intertidal bands, the sandstones 
(0–10 m deep), and the shallow platform (10–50 m 
deep) of the studied region, averaging 22% of the 
total assembly of heavy minerals.

Monazite, which is enriched in REE and Th, may 
explain the high abundance of REE in the studied 
area. However, as per Tessler (1988), it shows low 
concentrations, generally constituting less than 
0.5% of the total assembly of heavy minerals. Th 
enrichment and a slight enrichment of LREE can 
be expected at stations whose Hf/Al ratios indicate 
the enrichment of heavy minerals if monazite is 
an important mineral acting on the enrichment of 
REE. We found Th enrichment in relation to REE 
at stations MY2 and MY3 (Figure 5 i) and less 
negative Eu anomalies than those at station MC2, 
which may, for example, indicate that such mineral 
has secondary influence on REE distribution, 
especially in the sea adjacent to northern CIELC.

As a result, zirconite, containing considerable 
quantities Zr, Hf, and Th, is the heavy mineral that 
probably acts more intensely in the distribution 
of REE concentrations in the sediments of the 
studied area, which may also receive occasional 
contributions from monazite due to its high 
concentration in REE, with Th enrichment relative 
to the REE when compared to zirconite, leading 
to a slight difference in the REE×Th diagram (as 
previously found), and also small quantities of 
garnet, though insufficient to raise the values of [Ce/
Ce*]UCC, which are negative in all samples whose 
Hf/Al ratio indicates heavy mineral enrichment.

Implication to sedimentary provenance
We used a diagram with the found values, as 

proposed by Allègre and Michard (1974). The 
projection of the values of the La/Yb ratio and 
values of ∑REE enables us to identify the types of 
matrix rock of the sediments (Figure 8).

The stations with [∑REE*/Al]UCC above 2.0 (i.e., 
R4, MY2, MY3, MY4, and MC2) are in the group 
that includes sedimentary rocks, granitic rocks, and 
alkaline basalts, whereas R6 and P. Tombo mostly 
have granitic sediments. The former sample group 
showed high Hf/Al ratios and negative Eu anomalies, 
suggesting detrital content, whereas R6 and P. 

https://zenodo.org/records/7764685
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Tombo receive important amounts of sediments 
with chemical properties due to the weathering of 
the extensive area of granitic rocks in the Ribeira 
River basin. Station 15, under the influence of 
both granites and metasedimentary rocks such as 

gneisses, phyllites, and mica schists, showed a 
granite composition influenced by alkaline basalts. 
For the other samples, dispersion indicates that 
the matrix rock is predominantly sedimentary with 
quartz and/or feldspar enrichment, diluting ∑REE.

Figure 8. The La/Yb×∑ETR* dispersion diagram used to evaluate the type of source rock of the 
sampled CIELC surface sediments. We shifted box positions according to ∑REE* percentages, 
corresponding to 89% of ∑REE (in mg kg-1) according to UCC values.

Feldspars are easily altered minerals whose 
presence indicates immature sediments with 
sources close to their current location (Nesbitt and 
Young, 1982). They also show a high positive Eu 
anomaly, which we observed at the sandy content 
stations R3, MY1, and 6 and especially at stations 
10 and MC1, as previously reported. Stations R3 
and MY1 lied near an outcrop of the crystalline 
basement (granite-syenitic) at the north of the 
municipality of Iguape. Such a structure may give 
rise to the feldspathic material indicated by REE 
geochemistry. The region of stations 10 and MC1 
has a crystalline basement outcrop in eastern 
Cardoso Island; an area with a mountainous relief 
composed of granite-syenitic rocks and occupying 
an area of 86 km2 with a maximum elevation of 
814 m (Weber, 1998). Positive Eu anomalies at 
stations 10 and MC1 were much higher than those 
at R3, MY1, which may suggest a closer proximity 
to the matrix rock. São João hill, spanning about 
1.8 km2 and with a maximum height of 137 m, is 

in the urban part of the municipality of Cananéia, 
whereas Morrete hill, spanning about 0.4 km2 
and with a maximum height of 47 m, is in the Ilha 
Comprida neighborhood (Spinelli and Gomes, 
2008). Despite their small size, these hills could 
potentially supply feldspar material for the region 
as it is completely flat. Such outcrops are actually 
the body of a single interconnected rock under 
the Cananéia sea (Suguio et al., 1987). However, 
stations 8 and 9, which are closer to this rock, have 
no positive Eu anomalies, which may suggest that 
such an alkaline intrusion has little ability to supply 
feldspars to the adjacent submerged region.

Granites from the crystalline basement, which 
also appear near the bridge across the Aroeira 
River crossing the Cubatão channel, may be 
related to the positive Eu anomalies in sandy 
sediments, indicating the presence of feldspars in 
the station 6 region.

The R6 station lied in the deepest part of the 
shallow area that predominantly concentrates the 



REE abundance in estuarine sediments

Ocean and Coastal Research 2023, v71(suppl 1):e23041 18

Chiozzini et al.

fine sediments of the Ribeira River, whereas the 
sediments at the P. Tombo station consist of fine 
sediments from the Ribeira River and chemical 
sediments from the interaction of fluvial and 
marine waters. Eu positive anomalies in these 
stations may be associated with the formation of 
Eu-organic complexes and positive Ce anomalies 
are probably associated with their oxidation into 
Ce+4, which is less soluble as a function of the 
elevation of pH values, as previously reported.

To complement the evaluation of REE levels, 
fractionation, and anomalies in this study, we 
compared our data to those reported for other 
coastal systems in Brazil and around the world. 
We chose studies that determined REE in total 
sediment and showed raw elemental analysis 
results for this comparison as they would enable us 
to calculate the fractionation and anomalies of REE 
in the same manner as in this study. Table 2 shows 
∑REE concentration intervals and [La/Yb]UCC, [Ce/
Ce*]UCC, and [Eu/Eu*]UCC ratios. We normalized the 
data in these related studies using the values of the 
UCC for comparison whenever necessary.

Regarding ∑REE, CIELC showed the highest 
value range of all evaluated environments. Our 

average ∑REE* value resembled that in Marmolejo-
Rodrigues et al. (2007) for the Marabasco River and 
its estuarine system. However, the great variability 
indicates a more heterogeneous composition for the 
CIELC sediments. All authors in Table 2 reported 
that REE content was strongly and positively 
correlated with that of silt and clay in sediments. 
Among the cited studies, only Oliveira et al. (2007) 
showed solely positive [Ce/Ce*]UCC, which the 
authors attributed to the oxidation of Ce+3 into Ce+4 at 
the interface of the river with the estuary. Marmolejo-
Rodrigues et al. (2007) showed the highest [Eu/Eu*]
UCC values, which they found at stations near tectonic 
and volcanic regions. However, the authors observed 
slightly negative Eu anomalies in most sediment 
samples and indicated that these could stem from 
the weathering of intrusive rocks containing iron ore. 
The greatest enrichment of LREE in relation to HREE 
occurred in sediments from the Huelva ria (Borrego 
et al., 2004) and the Santos-S. Vicente estuarine 
systems (Oliveira et al., 2007). Prajith et al. (2015) 
found positive Eu anomalies in all Mandovi estuary 
sediments, strongly positive Fe-Mn ore anomaly, and 
feldspathic enrichment in sandy sediments in the 
outermost sections of that estuary.

Table 2. Intervals (maximum and minimum) of ∑REE values, in mg Kg-1, and normalized ratios [La/Yb]UCC, [Ce/Ce*]UCC, and 
[Eu/Eu*]UCC in several studies and regions of the Brazil and the world. Normalization with raw data and values for the Upper 
Continental Crust.

Studied region
Ʃ REE [La/Yb]UCC [Ce/Ce*]UCC [Eu/Eu*]UCC Quantification 

method References
Min Max Min Max Min Max Min Max

CIELC, Brazil 14.3 285.0 0.80 1.67 0.63 1.06 0.56 1.56 INAA This study*

Santos-S. Vicente 
(Brazil) 194 254 1.43 2.47 1.09 1.21 0.54 0.82 INAA

Oliveira et al., 2007** 
(no phosphogypsum 
contamination)

Marabasco 
estuary, Mexico 27.5 157.0 0.49 1.64 0.88 0.94 0.81 2.22 INAA Marmolejo-Rodriguez 

et al., 2007
Vigo ria – 
Pontevedra, Spain 2.0 220.0 0.65 2.29 0.71 1.00 0.79 1.41 ICP-MS Prego et al., 2009

Mandovi estuary, 
western India 37.1 160.4 0.49 0.91 0.77 1.77 1.27 1.76 ICP-MS Prajith et al., 2015

Bohai Bay, China 97.6 202.0 0.86 1.00 0.89 1.03 1.14 1.51 ICP-MS Zhang et al., 2014

Huelva Ria, Spain 36.0 197.7 0.80 3.26 0.80 1.43 0.93 1.18 ICP-MS
Borrego et al., 2004 
(no phosphogypsum 
contamination)

Johore straight, 
Malaysia 36.0 162.0 0.99 1.75 0.44 2.04 - - INAA Yusof et al., 2001*** 

* in this study, ∑REE = ∑REE*;
** in Oliveira et al. (2007), ∑REE = (La+Ce+Nd+Sm+Eu+Tb+Yb+Lu); 
*** in Yusof et al. (2001), ∑REE = (La+Ce+Sm+Eu+Tb+Dy+Y).
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Phosphogypsum: a risk for CIELC?
Phosphogypsum is an acid by-product of 

industries that produce phosphate fertilizers and 
it is extracted during the production of phosphoric 
acid from phosphate rocks. It mainly consists of 
calcium sulfate (gypsum) and impurities, whose 
composition is greatly influenced by the used 
phosphate rock matrix (Rutherford et al., 1995; Hull 
and Burnett, 1996; Al-Masri et al., 2004). It shows 
high levels of fluoride, certain naturally occurring 
radionuclides, and trace elements (including Ag, 
Ba, Cd, and REE). Hence the concern that such 
materials may negatively impact the environment 
(Rutherford et al., 1994; Saueia et al., 2012). REE 
have been widely used to examine environmental 
contamination due to phosphogypsum (e.g. 
Borrego et al., 2004; Silva et al., 2005; Oliveira et 
al., 2007) and acid mine drainage (Elbaz-Poulichet 
and Dupuy, 1999; Johannesson and Zhou, 1999).

Several companies in the Ribeira Valley have 
explored phosphate rocks since 1938, especially 
in the municipality of Cajatí. Phosphate rocks are 
extracted from igneous carbonatites. The main 
company (Vale) is located on the banks of the 
Jacupiranguinha River on the lower course of the 
Ribeira River. 

To verify the possible arrival of material from 
fertilizer production to CIELC, we conducted an 
elemental measurement of two samples of by-
products of fertilizer production at Vale. We obtained 
Cajati phosphogypsum (CP) from one of the open-
air phosphogypsum piles belonging to the company 
on March 10, 2014. We also obtained a sample 
from a settling tank (ST) in May 2015 by placing a 
Van Veen-type catcher directly into the stream that 
transports waste from phosphoric acid production 
process to decantation tanks. We analyzed these 
samples following the same criteria we adopted for 
other sediment samples in this study.

CP showed high levels of carbonate (35.3%). 
Ca+2 and SO4

-2 are the main components of 
phosphogypsum, accounting for up to 90% of this 
by-product (Rutherford et al., 1994). The enrichment 
of REE with respect to UCC values was La (8.6), 
Ce (9.2), Nd (12.0), Sm (11.3), Eu (15.5), Gd (10.9), 
Tb (6.4), and Lu (1,6). Yb showed values close to 
those for UCC. We found great fractionation and 
enrichment of LREE ([La/Yb]UCC=7.15), especially 

of MREE ([Sm/Yb]UCC=9.40]) in relation to HREE, 
and an important positive [Eu/Eu*]UCC (1.56). We 
observed a slightly negative [Ce/Ce*]UCC (0.95) and 
[Sm/Nd]UCC (0.94) (Figure 9) and the depletion of Al 
(0.5) and Th (0.4).

Figure 9. REE distribution patterns normalized by conti-
nental crust values (UCC) for the Cajati phosphogypsum 
(CP) and settling tank (ST).

ST had 45.1% of carbonates, with enrichment 
of the REE* La (6.6), Ce (4.5), Nd (8.4), Sm 
(7.1), Eu (7.2), Gd (5.1), Tb (3.4), and Lu (1.6). 
As with the CP sample, ST also showed Al (0.7) 
and Th (0.4) depletion. We observed a 5.97 and 
9.40[La/Yb]UCC and [Sm/Yb]UCC ratios, respectively, 
a positive Eu anomaly (1.21), and a negative [Ce/
Ce*]UCC (0.63), agreeing with our CP findings.

Station R6, whose silt and clay content indicates 
depositional conditions favorable to the accumulation 
of chemical sediments, resembled the CP sample 
the most, i.e., (i) the highest carbonate content 
of all sampled sediments (except for those near 
sambaquis); (ii) the enrichment of LREE and MREE 
over HREE; (iii) positive Eu anomalies (the highest 
among the samples with relevant fine fractions); 
(iv) Al values below those predicted by the linear 
regression regarding silt and clay content (Figure 
5a); (v) Th values below those predicted by the 
regression with REE (Figure 5i); and (vi) higher Al-
normalized [REE/Al]UCC among samples that outside 
the influence of detrital heavy minerals (2.41). The P. 
Tombo station also has most of the characteristics of 
the R6 station but its [REE/Al]UCC totals 1.58, placing 
it below the value at which we could consider it 
moderately contaminated. Note that this station is in 
an environmentally sensitive part of CIELC.

Other authors have also found Zn and Pb 
enrichment (e.g., Tramonte et al., 2016) near station 
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R6. This probably relates to mineral exploration, 
increasing the likelihood of it receiving sediments from 
anthropogenic activities (including the exploration 
of phosphogypsum in Cajati) in the drainage of the 
Ribeira River basin or undergoing their influence.

The current context of global land use changes, 
increasing demand for fertilizers, and the use of 
REE in various technological products has altered 
how humanity concentrates and eliminates these 
elements in its daily life. Studies must be carried 
out in regions near industrial units (especially 
in the Jacupiranguinha and Jacupiranga River 
sediments) as they have lacked the adequate 
attention on the potential impacts of such activities.

CONCLUSION
This study showed the sedimentary distribution 

of REE in CIELC and two contiguous domains 
to better evaluate the natural processes and 
anthropogenic signals that can endanger the 
quality of this system. Surface sediments showed 
characteristics strongly related to multiples active 
processes, with a marked influence of depositional 
conditions and an important contribution of 
the local lithology on sediment geochemistry. 
Sedimentary textural characteristics, depositional 
conditions, the ratios of certain elements, REE 
abundances, enrichments, normalized values, 
fractionations, anomalies, complementary 
environmental information, water properties and 
hydrodynamics, and historic and recent human 
regional activities enable the determination of 
natural enrichments of REE in relation to UCC 
values due to the presence of heavy minerals 
(mainly zirconite, followed by monazite), which are 
distributed as a function of hydrodynamic selection 
in CIELC (especially in its external contiguous 
domains). We also found that other minerals act 
in REE distribution in the system, such as feldspar 
and its presence in specific regions close to its 
source. Only one sample in the northern part 
of the estuary (R6) showed REE enrichment 
unrelated to the distribution of heavy minerals 
and several convergent characteristics with the 
analyzed phosphogypsum samples, suggesting 
environmental contamination. Other authors have 
also indicated that the area was contaminated with 
Zn and Pb from mining processes along the Ribeira 

River basin. This region, in which some of the fine 
sediments stemming from continental processes 
are deposited, deserves special attention from 
environmental authorities.
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