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Abstract

The use of geochemical normalizers has been applied in
sedimentological studies in several study contexts, such as
pollution, diagenetic and provenance assessment. Selected
textural and mineralogical data of 137 surface sediment
samples were compared by statistical analyses with geogenic
elements concentrations normalized by the Al, Be, Ce, Fe,
Fe+Al Li, Rb and Sc aiming to identify the best normalizer
to trace different sources of bottom sediments for the Aveiro
Lagoon entrance (NW of Portugal). The study area is
heterogenous in terms of hydrodynamics and sedimentary
processes.

The most commonly applied geochemical normalizer for the
sediments elemental concentrations has been the aluminum.
However, the statistical analyses evidenced that the best
normalizer was the scandium, since Principal Components
Analysis results have evidenced that the element/Sc values
are largely independent of sediment granulometry and thus
have allowed the identification of compositional differences
not related to grain size. Statistical analyses have also allowed
to discriminate groups of stations that: i) trace the entry and
exit of mixed sources sediments of the lagoon due to the

Citation:

Alves Martins, M.V., Nunes, M.A.S., Alves, M.I., Coelho, M.H.P.A.,
Castelo, W.F.L., Lorini, .M., Terroso, D., Geraldes, M.C., Laut, L.,
Zaaboub, N., Rocha, F., 2018. Geochemical normalizers to study the
lithogenic input to a coastal lagoon with hydrodynamic contrasts. A case
study of Aveiro Lagoon (Portugal). Journal of Sedimentary Environments,
3 (2): 74-92.

action of tidal currents; i) contain materials provided from
the erosion of granitoids present mainly along the Douro
River basin, located to the north, and transported
southward by coastal drift; iil) encompasse sediments
provided from the erosion of the Schist-Greywacke
Complex crossed by the Vouga River that drains into the
inner central zone of the lagoon and; iv) represent an area of
sediment accumulation located near the entrance of Mira
Channel, where lithogenic materials, provided by mixed
lithologies in addition to organic matter, are being deposited.
The results of this work contribute to the knowledge of the
sedimentary dynamics of the Aveiro Lagoon, a coastal
system which is part of a littoral stretch that is being strongly
eroded, due to natural and anthropic causes and should be

applicable to other coastal systems with similar
characteristics.

Keywords: Sedimentary dynamic. Sediment sources.
Geogenic  elements. Statistical analyses. Interpolation

estimations. Kriging. Mapping.
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1 Introduction

The human population has made innumerable changes in
the ecosystems around the world aiming to adapt the
environment to people’s needs. The coastal zones are no
exception. They have been suffering strong anthropic
interventions, telated, for instance, to the development of
human settlements, installation of ports and/or industries
and dredging activities (Barbier et al., 2008; Martinez et al.,
2017). As a consequence, several geomorphological changes
are modifying the sedimentary dynamics in coastal zones
(Pethick and Crooks, 2000; Burningham and French, 2017)
and the pollutants accumulation is damaging the natural
ecosystems (Clark, 2001; Ducrotoy et al., 2000; Grant and
Briggs, 2002). The use and occupation of coastal zones
around the world require a better knowledge of the effects
of both periodic (short) changes, such as storm events, as
well as the longer ones such as changes of energetic sea
action depending on climatic oscillations and human
interventions or even the geological framework. These
factors may influence the coastal morphology (Godschalk,
2009; Chang et al., 2018).

The Aveiro region (Center of Portugal) is also being
marked by different types of anthropogenic interventions,
such as the Aveiro Port, several industries on the river and
the lagoon margins such as the Estarreja Chemical Complex
(Pereira et al.,, 1998; Bastos et al., 2012; Rodrigues et al.,
2016). Biotic and sedimentological studies in the area
showed enrichment of pollutants, such as Hg, Cr, Zn and
Pb, in the surface sediments, both in the lagoon mouth and
in the most confined areas (e.g. Pereira et al., 1998; Martins
et al., 2015, 2017). The anthropogenic interventions also
directly or indirectly altered the sedimentary dynamics in the
Aveiro Lagoon which is characterized by the constant entry
and exit of sedimentary material over time through the inlet
and rivers’ discharge into the inner lagoonal areas (Lopes et
al., 20006; Plecha et al., 2010).

The morphodynamics in the Aveiro lagoon depends on
oceanic conditions (Plecha et al., 2012). During autumn and
winter, the oceanic surface circulation is predominantly
directed to the north induced predominantly by south winds
(Frouin et al., 1990, Haynes and Barton, 1990; Mazé et al.,
1997; Huthnance et al., 2002). However, on the coast, near
the bottom, there is a flow to the south, resulting from the
maritime agitation from west (coastal drift).

In spring and summer regimes, as a result of the
migration of the Azores Anticyclone to the north and the
weakening of the Icelandic Low-Pressure Center, the N and
NW winds are predominant (Wooster et al.,1976; Fitza et
al., 1982; Silva, 1992). The circulation pattern associated with
the spring/summer regime is characterized by the
development of a superficial flow towards the south (Fiuza
et al., 1982), favoring the transport of sediments from north
to south.

It is supposed that the sediments deposited at the Aveiro
Continental shelf are mainly supplied by the Douro River (at
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North) and the Mondego River (at South) but the net
balance of sediment transport along the coast to the studied
region should be from north (Abrantes et al., 2015).

It is presumed that sediments provided from different
source areas are deposited in Aveiro lagoon. Previously,
Matrtins et al. (2016) using available concentrations of rare
earth elements (REE) in several sedimentological phases
identified different sources of sediments through the Aveiro
Lagoon channels.

The normalization of elemental content using an
immobile element is commonly applied in geochemical
studies for correcting grain-size effects and dilution by
sedimentary phases such as carbonates and silica (Sakan et
al., 2011). This type of data processing may also reveal
possible sediment enrichment in trace metals. Presently, Al
is the most frequently used geochemical normalizer in
sediments, assuming that this element is held exclusively in
terrigenous aluminosilicates (Karageorgis et al., 2009).

The present study intends to apply the most convenient
geochemical normalizer to identify different sources of
sediments that are being received in the Aveiro Lagoon
entrance. It is a difficult task since this region displays strong
hydrodynamic  contrasts and complex sedimentary
processes.

2. Study Area

The Aveiro Lagoon (also known as Ria de Aveiro) is
located at the Atlantic coast of Portugal (Fig. 1 A). It is
considered one of the largest geographical accidents and the
most important one in Portugal, functioning as a multi-
estuary, since it receives several rivers and streams. It is an
integrant part of the Vouga River hydrographic basin, the
largest one of this region. The Vouga River springs at 930
meters of altitude, in the Serra da Lapa, located in the interior
center of Portugal. When entering the Aveiro Region, due to
the low land slope, this river branches before it disembogues
into the lagoon.

The Ria de Aveiro is approximately 45 km long and 11
km east-west wide and is composed by several channels,
surrounding islands and islets radiating from their artificial
mouth, which is its only link to the ocean. The lagoon
hydrodynamics is mostly controlled by tides (Dias et al.,
1999). It has a semi-diurnal tidal regime, with amplitude
varying from <1m in the low tide of quadrature to 4m in the
syzygy tide and low water-river regime entering the lagoon
(Dias et al., 2000, 2001; Lopes and Dias, 2015). The lands
drained by the fluvial network that flows into the Ria de
Aveiro present varied lithology (Pérez-Estaun et al., 2004).

The center of Portugal is almost exclusively located in the
Central Iberian Zone (Fig. 1A), which is characterized by the
presence of levels of quartzites interlayered with shales
(Cambrian  and  Upper  Precambrian, Hispanian),
denominated Schist—Greywacke Complex (Ribeiro et al.,
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1979). It is also characterized by a regional Hercynian
multiphase tectonic and metamorphic evolution, closely
related to granitoid intrusions (Teixeira, 1981). The
synorogenic magmatism of the Central Iberian Zone
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comprises mainly granitoids of the alkaline and calco-
alkaline series. The alkaline series are characterized by
the presence of albite and/or oligoclase and apatite and
by the predominance of two micas (muscovite and biotite).
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Fig. 1. Study area. A. Geologic scheme of Portugal (adapted from Pérez-Estaun et al., 2004) and the study area. B. Samples location in

the Aveiro Lagoon entrance area.
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The calco-alkaline series have the following
characteristics: ~ plagioclase ~ of  oligoclase-andesine
composition, predominant biotite on muscovite, common
basic precursors and abundant microdioritic enclaves, with
mesocratic character, and vatied accessory minerals among
which are titanite, apatite and opaque (Ferreira, 2000).
Carbonate formations consisting of limestones, dolomitic
limestones, limestones and marl (Barbosa, 1981), from the
Cretaceous sedimentary series, also occurs in the adjacent
continental area, for instance, in Salreu-Taboeira-Azurva-
Fermentelos-Vilarinho do Bairro and in the vicinity of
Fermentelos (Rocha and Gomes, 1992).

The lagoon development, on the other hand, is quite
recent. Its development should have begun at about a
thousand years (Lillebo et al., 2011). The stabilization of the
sea level close to the present, between 5,000 and 3,000 years
BP, has led to the silting up of the estuaries and the growth
of sandy spits (Dias, 1987; Rodrigues and Dias, 1989). In the
20t century, the coast between Espinho and Cape Mondego
formed a gulf (Amaral, 1968). The mouth of the Vouga River
was then 20 km into the coast. At the south of Espinho,
there was only a sandy spit, which progressed southward,
linking to the sands of Mira, in the middle of the 18% century.
Thus, the individualization of the Ria de Aveiro was trelated
to the formation of a bartier island (Cunha, 1930; Neves,
1935; Girdo, 1941; Martins, 1947; Abecassis, 1954), which
was formed from the development of two sandy spits which
grew from north to south and from south to North, isolating
the sea from the direct contact with the Vouga River, which
until then drained into the North Atlantic (Rocha et al.,
2005). Thus, with the closure of this ditect contact between
the sea and the mainland, both water and sediment
exchanges between the continental shelf and the Ria de
Aveiro were reduced and controlled by the narrow Sao
Jacinto Channel and the Aveiro lagoon inlet.

The Aveiro region is densely populated with important
administrative, commercial and industrial activities to the
country. The Aveiro Lagoon has undergone a series of
anthropogenic interventions, such as the construction of the
Aveiro Port, constant changes in the channels configuration
especially the dredging of the canals and the extension of the
jetties to facilitate navigation (Plecha et al, 2010). It is
located in a littoral sector, where there is a noticeable
tendency for a strong retreat of the coastline marked by the
decrease of the beaches width and the dunes migration
towards the continent (Lira et al., 2016; Stronkhorst et al.,
2018).

3. Materials and methods

This work is based on the analysis of 137 bottom
sediment samples (Fig. 1 B), collected in the Ria the Aveiro
mouth area. As the velocity of the tidal currents in the lagoon
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inlet and in the S. Jacinto Channel is very strong, the samples
were collected in high and low slack water phases, when
theoretically the flood and the ebb flow, respectively, stops.
Once the slack water phases are short, the samples were
collected at several sampling events in 2006 and 2007. The
positions of all samples were determined by GPS for
geostatistical analysis. For samples location, WGS84
projection and Universal Transverse Mercator (UTM) zone
29 N coordinates were used (Appendix 1). Sediment samples
were collected with an adapted small Ponar® Grab opened
in two apertures. The upper aperture was used to scrape the
first 2 cm of the surface sediments.

Before to be submitted to textural, mineralogical and
geochemical analyses, the sediment samples were oven-dried
at 65 °C during about 72h. The samples were quartered and
a portion of about 250 g of sediment was used for particle
size analyses. Grain size analysis was performed using the
classic sieving method. The initial weight of the samples was
recorded. Fine fraction was separated from the coarser one
by wet sieving, using a sieve of 63 um screen. Both
sedimentary fractions were oven dried and weighed. Coarser
sediment fractions (>63 pum) were separated using a sieve
column with the following dimensions: 2000 pm, 1000 pm,
500 pm, 250 pym and 125 um. The dry weight of each
sediment fraction was recorded and its percentage was
determined. The sedimentological —parameters were
determined using the Gradistat software (Blott and Pye,
2001), according to the methodology of Folk and Ward
(1957).

Total organic matter (OM) was determined in a portion
of sediment split <2000 pum, from each sample. About 5 g
of dry sediment were oven-dried at 105 °C for 8 h. Samples
were cooled in a desiccator and weighed before they were
combusted at 450 °C for 8 h in a muffle furnace, according
to Oliver et al. (2001). After combustion, the samples were
cooled in a desiccator and weighed again. The OM values
were reported as percentages of dry weight sediment and
were estimated by the following equation: OM = [(oven-dry
sediment weight - sediment weight after combustion)/oven-
dry soil weight] X 100.

A sediment split <2000 pm of each sample was milled in
a mechanical agate mill and used for mineralogical and
geochemical analyses. The mineralogical results were
obtained through X-ray diffraction (XRD) techniques. For
the preparation of non-orientated powders, about 0.5 g of
disageregated sediment was placed with the minimal
compression on a standard aluminum sampler holder. The
mineralogical composition of the sediments was studied
through XRD on a Philips X' Pert PW3040/60
diffractometer, using Cu-Ko X-ray radiation and software X
Pert 2.0. Scans were run between 2° and 40° 2q. The
minerals semi-quantification followed the methodology
described by Martins et al. (2007). The percentage of halite
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was determined but not considered in this work, since this
mineral may result from the chemical precipitation of salts
during the preparation of the sediment samples for analysis.

Elemental concentrations were determined by ICP-MS
(Inductively Coupled Plasma-Mass Spectrometer) analysis,
after acid digestion at ACME Analytical Laboratories,
Canada according to US Environmental Protection Agency
(USEPA) Method SW-846 3052 (USEPA 1996) and Method
SW-846 6020A (USEPA 2007) and Dutton et al. (2013). The
elemental concentrations of 29 chemical elements were used
in this work (Appendix 1).

The geochemical partition of certain substances consists
of the determination of distinct compounds in which the
clement is bound under different degrees of ionic bond
strength to different sedimentary phases (Salomons and
Stigliani, 1995). It has as an auxiliary function in the
identification of sources as well as in the prognosis when
possible of the occurrence of sediment remobilization
(Schiff and Wiesberg, 1999).

In geochemical studies of provenance there is a difficulty
in distinguishing what comes from a lithologic contribution
or derives from an anthropic origin. Hence the use of
normalizers that are chemical elements present in the
chemical composition of regional rocks and have a
conservative character or have relatively constant natural
concentrations in the lithogenic matrix during meteorism
and transport processes, and which do not receive major
influences from variables such as oxy-reduction, radioactive
decay, isotope fractionation and atmospheric changes and
diagenetic processes is useful (Chester, 1990).

Loring (1990) observed that grain size is a significant
factor in the variability of trace metals in sedimentary
deposits and that, for this reason, there is a need for
normalization procedures of the analyzed components with
a conservative element that varies with the granulometric
changes. Based on Herut and Sandler (2006) and references
herein, several geochemical normalizers have been applied
aiming to reduce the grain size influence in the environment
and to give indication of pollution and the regional
lithogenic contribution to studied areas.

In order to identify the most adequate normalizer and to

analyze the geogenic contribution to Aveiro Lagoon
entrance area, the element ratios with Al, Be, Ce, Fe, Fe+Al,
Li, Rb and Sc (in denominator) were compared with
granulometric and mineralogical variables by statistical
analyses. Concentrations of rare-earth elements (REE) are
generally normalized to the composition of the upper
continental crust, such as the North American Shales
Composite (NASC; Rudnick and Gao, 2003) or the
European Shales (ES; Haskin and Haskin, 19606). In this
work La and Ce (REE) and associated elements, Y and Sc,
were also normalized by the composition of the upper
continental crust (Rudnick and Gao, 2003), since most of the
sediments found in the study area are sandy. Other element
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ratios, such as Nb/Ta, Th/U, K/U and La/Ta, also were
used to trace changes in the sediment sources.

3.1 Statistical Analyses

Selected textural, mineralogical and geochemical data
were transformed by log (x + 1) before to be submitted to
R-mode Cluster Analysis (CA), based on Complete Linkage
and 1-Pearson r correlation, and to Principal Components
Analysis (PCA). CA was carried out in order to group the
variables with general similar pattern of distribution in the
study area and PCA to explain the variance-covariance
structure of the studied data and to select the principal
components with the largest variance. These statistical
treatments were performed using a Statsoft software
(Statistica 12). Concentrations of selected chemical elements
were also compared by bi-plots and linear regression (with
the Microsoft Excel software).

The studied data were also submitted to Q-mode Cluster
Analysis using Euclidean distances and the Ward’s method
for the samples amalgamation. Data for Q-mode Cluster
Analysis were transformed by square root of 0.5 to
normalize. The PCord software was used in this analysis.

3.2 Spatial interpolation

Spatial interpolation is a method to estimate the data in
contiguous area and forecast the values at unknown
locations, i.e., where no measured values are available, using
available observation data (Chai et al., 2011). The goal of
spatial interpolation is to create a surface that is intended to
best represent empirical reality (Azpurua and Ramos, 2010).
The interpolation methods can be classified in two major
groups: deterministic and geostatistical. Deterministic
interpolation techniques create surfaces from measured
points, based on either the extent of similarity or the degree
of smoothing (Keblouti et al., 2012).

Geostatistical or stochastic interpolation techniques
capitalize on the spatial correlation between neighboring
observations to predict attributed values at unsampled
locations (Goovaerts, 2000). These methods are not simply
based on an estimation of the unknown value as a function
of the distance. In addition to that, they implement the
function of unknown spatial autocorrelation between the
values of the sample points (Keblouti et al., 2012). In this
study, the ArcGis® 10.3 software was used to created
surfaces applying four interpolation methods: three
deterministic (IDW, Spline, Spline with Barriers) and one
geostatistical (Kriging).

The ordinary Kriging was used in this study. The
prediction of ordinary Kriging is a linear combination of
measured values where the constant mean () is assumed to
be unknown (Borges et al., 2016).

Kriging is a geostatistical interpolation technique that
provides a means of interpolating values for points not
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physically sampled using knowledge about the underlying
spatial relationships in a data set to do so, where variograms
provide this knowledge (Naoum and Tsanis, 2004). This
method is based on regionalized variable theory which
provides an optimal interpolation estimate for a given
coordinate location, as well as a variance estimate for the
interpolation value. Kriging encompasses an interactive
investigation of the spatial behavior of the phenomenon
before generating the output surface, using a variogram
model to characterize spatial correlation (Naoum and Tsanis,
2004). A variogram describes, in terms of variances, how
spatial variability changes as a function of distance and
direction (Isaaks and Srivastava, 1989). Kriging depends on
spatial and statistical relationships to calculate the surface,
being a two-step process that begins with semivariance
estimations and then performs the interpolation (Keblouti et
al., 2012).

Model parameters setting and interpolation model test
are quite important. Sensitivity analyses of varying setting
parameters and models’ choices of the three interpolation
methods were performed in order to select the values that
produced best fitting models and better resulting surfaces.
For all interpolation techniques, the number of the nearest
input sample points to be used to perform interpolation was
set as 4, 6, 8, 10 and 12. For IDW, the power exponent of
distance as 1, 2 and 3 were tested. For Spline, the regularized
and tension type was tested. Additionally, because the spline
method disregards geographical barriers, the Spline with
Barriers method was also tested. It treats the current grid-
based surface model as an elastic membrane to achieve an
approximation to a minimum curvature surface that
considers both the input point data and discontinuities
encoded in the barriers (Terzopoulos, 1988). For Kriging,
the Spherical, Exponential and Gaussian semivariogram
models were tested. The best combination of interpolation
techniques and parameters was selected using 2D and 3D
visualization analyses to compare the surfaces generated,
screening for surfaces with good behavior and avoiding
anomalies and unwanted patterns (e.g., sharp edges, “bulls-
eyes”). Considering the dataset, the best surfaces produced
for Aveiro Lagoon were those generated by the Spline with
Barriers interpolation method.

4. Results

The textural, mineralogical and geochemical data were
included in Appendix 1. The percentage of the sediment
fractions >2000 pm (Fig. 2a) and <63 um (Fig. 2b) were
<96% (mean 15%) and <94% (mean 6%), respectively. The
SMGS values ranged from 5-3660 pm (mean 603 um). Mud
to gravely sand were found in the study area, being sandy
sediments the most common substrate. Coarser sediments,
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with high gravel fraction contents (Fig. 2a), were found along
the S. Jacinto Channel and Aveiro Lagoon Inlet. Finer
grained sediments exist mostly at the western side of Mira
Channel and close to the South-Jetty (Fig. 2b).

Sorting values ranged from 1.1 to 4.0 (Fig. 2¢), with most
samples being “moderately sorted” to “well sorted”. The
highest sorting values were located in the Mira Channel and
the lowest ones in the central zone of the S. Jacinto Channel
and in the lagoon inlet. Skewness and kurtosis values varied
from -0.80 to 0.64 and 0.51 to 4.1 (Fig. 2d), respectively.
Most samples are bi or trimodal. The most common modes
are 1200 ym and 77 pm.

The sediments are essentially composed of the following
minerals: quartz (<91%, mean 63%), phyllosilicates (<50%,
mean 5%; Fig. 2e), plagioclase (<42%, mean 7%; Fig. 2f), K-
feldspars 12%; Fig. 2g), calcite (<11%, mean 2%; Fig. 2h)
and dolomite (<6%, mean 1%). Samples with higher
percentage of phyllosilicates are located in the Mira Channel
and near the North-Jetty. Relatively higher percentages of K-
feldspars were found at the Aveiro Lagoon inlet and at the
eastern side of Mira Channel. Calcite contents increased in
the center of Mira Channel.

Figure 3 presents the results of selected geochemical data.
The OM content ranged from 0.01-9.75%, being higher in
the Mira Channel (Fig. 3a). The maximum, minimum and
mean concentrations of the other analyzed chemical
elements and the element ratios are given in Table 1.
Aluminum concentrations were higher in Mira Channel and
near the South-Jetty (Fig. 3b). A similar pattern was observed
in the other analyzed elements.

4.1 Statistical results

The variation of the elemental, OM and mineral contents
and textural data analyzed by R-mode Cluster Analysis (CA;
Fig. 4), grouped the variables in two main clusters,
depending on the sediment granulometry. Whereas SMGS
and sediment fraction >63 pum are positively correlated with
depth and quartz (Cluster 1), all the other variables are more
related to fine grained sediments (Cluster 2). These two main
groups agree with the correlations presented in Appendix 2.

In cluster 2 (CA; Fig. 4), four sub-clusters can be
considered: Sub-Cluster 2.1 with fine fraction, OM,
phyllosilicates, sorting, S and Mo; Sub-Cluster 2.2 with the
analyzed chemical elements, except Ca and Sr; Sub-Cluster
2.3 with Ca, Sr, calcite, dolomite; Sub-Cluster 2.4 with
skewness, kurtosis, K-feldspars and plagioclase. The
regression lines of the biplots of Zr, Hf and Th
concentrations plotted against Ce, La, Y and Sc evidence the
positive correlations between these elements (Fig. 5). Most
of the other elements also have positive correlations with
each other as revealed by Cluster Analysis (Fig. 4).
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Fig. 2. Maps of distribution of the following variables: a) sediment fraction >2000 pm (%); b) sediment fraction <63 pum (%); c) sorting;
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Fig. 4. Results of R-mode Cluster Analysis based on the analyzed variables. Legend: >63 um - sand fraction; SMGS — sediment mean
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The total explained variability for the Factor 1 and Factor
2 of the PCA (Appendix 3), based on the normalized
elements (with Al, Be, Ce, Fe, Fe+Al, Li, Rb and Sc, in
denominator) and the other analyzed variables (depth, fine
fraction, SMGS, sorting, quartz, K-feldspars, plagioclase,
calcite, dolomite, phyllosilicates and OM values), were
different depending on the normalizer. The total explained
variability of the Factors 1 and 2 of that PCA (based on the
mentioned variables) was for the following normalizers: Al
= 0.52%; Be = 0.65%; Ce = 0.46%; Fe = 0.58%; Fe+Al =
0.50%; Li = 0.50%; Rb = 0.56% and; Sc = 0.70%. Thus, the
total explained variability of the Factors 1 and 2 was highest
for Sc used as geochemical normalizer.

The biplot of Factor 1 against the Factor 2 for the
element/Sc ratios and the other analyzed variables (depth,
fine fraction, SMGS, sorting, quartz; K-feldspars,
plagioclase, calcite, dolomite, phyllosilicates and OM values)
shows that the geochemical ratios are no longer
subordinated to the fine fraction of the sediments (Fig. 6).

The results of the PCA for the two first factors
(Appendix 3), based on the values of: 2) Be normalization is
similar to those obtained with the normalization with Sc but
the correlations (Appendix 4) show that the element/Be
values have positive correlations with fine fraction, this is,
they are yet linked with the sediment grain size; b) the
element/Fe ratios are associated with coarser sediments
(SMGS and quartz); c¢) element/Rb, element/Al,
element/Fe+Al and element/Li ratios are associated with

fines; d) element/Ce ratios are in part positively correlated
with fines and in part with coarse sediments.

Accotding to the PCA of Fig. 6, most of the element/Sc
values, except V/Sc, have similar patterns of distribution.
Hence some of these variables, such as Ce/Sc, La/Sc,
Th/Sc, Al/Sc, Z+/Sc, Rb/Sc and V/Sc, were used in a Q-
mode Cluster Analysis (Fig. 7) jointly with other variables
such as: La/La* Ce/Ce*, Y/Y* and Sc/Sc*(normalized
elements by the respective upper continental crust
composition), Nb/Ta, La/Ta, Th/U, K/U, depth, fine
fraction, SMGS, sorting, quartz, K-feldspars, plagioclase,
calcite, dolomite, phyllosilicates and OM values. The results
of Q-mode Cluster Analysis allowed the identification of five
groups of stations mapped in Fig. 8. The mean values of the
analyzed variables for each group of stations are presented
in Table 2. Each group of stations is distinguished by
different mean values of the analyzed variables.

5. Discussion

5.1 General sedimentological characteristics of the study area

The increase of coarser sediment fractions (>63 um)
determines the rise of SMGS. Both variables are positively
correlated and are associated with depth (CA in Fig. 4 and
correlations in Appendix 2) where tidal currents activities are
stronger (reaching velocities >2 m/s) in the study area (Vaz
et al., 2005). Thus, the granulometric characteristics of the
sediments are closely related to the hydrodynamics at the
lagoon entrance.

82



Journal of Sedimentary Environments Alves Mattins et al. .
Published by Universidade do Estado do Rio de Janeiro “
3 (2): 74-92 April-June, 2018 ‘

doi: 10.12957/jse.2018.34815

RESEARCH PAPER
80
5 70 L R?2=0.8158 .
X
I=)
S
2]
c
o
g
=
]
Q
o
o]
O
Q
N
>
o
-
)
(@)
75.0
Zr (mg/kg)
® Ce ® la o Y ©  SC ceenes Linear (Ce) =x==--* Linear (La) ====--- Linear (Y ) === Linear (Sc)
80
< 70 ©
> R? =0.8633
E
1]
c
9
IS
IS
[}
(8]
<
o
®]
Q
(]
>
<
—
@
] .
03 05 07 09 11 13 15 1.7 19 2.1
Hf (mg/kg)
®© Ce ©® |la ©® Y o SC oo Linear (Ce) ===--* Linear (La ) =«=---* Linear (Y ) «==---* Linear (Sc)
90
)
<
oo
£
2
Qo
g
€
8
c
o
o
A
>
3
[
o
1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0 19.0
Th (mg/kg)
® Ce ® la o Y ©  SC ereeeer Linear (Ce) =-=---* Linear (La) ===---* Linear (Y) «=----- Linear (Sc)

Fig. 5. Concentration of Zr, Hf and Th vs. Ce, La, Y and Sc. The regression lines evidence positive correlations between Zr, Hf and
Th and REEs and Sc.

83



Journal of Sedimentary Environments

Published by Universidade do Estado do Rio de Janeiro
3 (2): 74-92 April-June, 2018

doi: 10.12957/jse.2018.34815

Alves Martins et al.

SJSE

RESEARCH PAPER

Factor Loadings, Factor 1 vs. Factor 2
Rotation: Unrotated
Extraction: Principal components

0.8 . . . . . . . .
SMGS Depth
© Il
@]
06 Qtz .
’ o)
O Ba/Sc 1l
Sr/Sc o
0 KISc dz),gblsc |
' Li/Sc o £11SC Mn/Sc .
& | HISE caise K-Feld
= C
2 L] Y786 99 0 Belse .
2300 Uise @ Narse vyse
L CelSc Th/Sc S A P L
0.2 LISC Tise g, Calc | Dol | ]
' Sn/Sc Nb/Sc o %10 I
W/Sco83 o I I
Pla R
-04 Mg/Sc TalSc | g | :
Fe/Sc ©  Znisc ! Phyl
1 o I
06 " o !
0
0.8 L owoo®um IV,
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Factor 1

Fig. 6. Biplot of Factor 1 against the Factor 2 of PCA based on element/Sc ratios against other vatiables. Legend: SMGS — sediment
mean grain size; Qtz — quartz; <63 um - fine fraction; OM — organic matter; Sort — sorting; Phyl — phyllosilicates; Calc — calcite; Dol —

dolomite; K-Feld - K-feldspars; Plag — plagioclase.

The distribution pattern of sediment fractions >2000 um
and <63 pm (Fig. 2a, b) indicates that the zones with the
strongest bottom currents are located along the S. Jacinto
Channel and the Aveiro Lagoon inlet. The sediments are
more pootly sorted in the western side of the Mira Channel
which corresponds to a sandy mud bank associated with a
tidal plain. The sorting values in this zone are a consequence
of the semidiurnal tides effect on a low depth area (from a
subtidal to intertidal zone). This region is also located near
the Barra Village, where anthropogenic materials are
released.

The distribution of skewness values reveals that the
granulometric characteristics are quite heterogeneous, as a
result of the bottom irregularities and probably the presence
of sand ripples and megaripples which may exhibit variations
in terms of their wavelengths and grain-size distributions
(Yizhaq et al, 2012). The presence of bi-to-polymodal
sediments in most of the sites may be related to the
deposition/removal of sedimentary loads by cutrents and
should be related to irregularities of the bottom morphology
and changes in the activity of the transport agent. However,
the distribution of the kurtosis values also shows that
sediments of the channel margins tend to be more
heterogeneous than that of the center of the navigable
channels, where the currents intensity seems to be more selective.

The coarsest sediments in the study area are essentially
composed of quartz (CA of Fig. 4; Cluster 1). In less coarse
sediments, plagioclase and K-feldspars contents tend to
increase (CA of Fig. 4; sub-cluster 2.4). Quartz is a mineral
more resistant to erosion and reworking by hydrodynamic
processes and, hence, its relationship with the coarser
fraction of the sediments. In contrast, plagioclase and K-
feldspars are related to relatively fine sediment fractions
because they tend to be more easily degraded and eroded.

In the western side of the Mira Channel increase the
phyllosilicates (Fig. 2 €), OM (Fig. 3a), Al (Fig. 3b) and other
elemental contents mostly associated with fine fraction (as
suggested by the CA included in Fig. 4), which is indicative
that this area is submitted to calmer hydrodynamical
conditions. In this zone, the accumulation and degradation
of organic matter may lead to a marked reduction of oxygen
in surface sediment layers. Sulfur and Mo are two sensitive
elements to redox conditions; the association of these
elements with fine fraction and OM (CA of Fig. 4; sub-
cluster 2.1) suggests that processes of organic matter
degradation can lead to the retention of chemical elements
in the sediments.

The CA sub-cluster 2.3 (Fig. 4) and the correlations

that
significantly correlated with Ca, Sr and dolomite contents.

presented in Appendix 2 indicate calcite is
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Tab. 1. Range of values of chemical elements in the analyzed
samples.

Element Maximum = Minimum Mean
Al (%) 6.87 0.96 233
Ba (mg/kg) 373.0 117.0 219.8
Be (mg/kg) 5.00 0.30 1.44
Ca (%) 2.76 0.36 1.16
Ce (mg/kg) 72.0 5.0 17.7
Fe (%) 3.15 0.07 0.53
Hf (mg/kg) 1.90 0.30 0.66
K (%) 3.06 0.93 1.70
La (mg/kg) 34,7 2.8 9.1
Li (mg/kg) 115.2 10.1 27.5
Mg (%) 0.96 0.03 0.16
Mn (mg/kg) 415.0 14.0 114.9
Mo (mg/kg) 1.98 0.03 0.22
Na (%) 3.03 0.28 0.74
Nb (mg/kg) 11.90 0.40 3.04
Rb (mg/kg) 195.2 38.8 85.6
S (%) 1.10 0.03 0.13
Sc (mg/kg) 8.00 0.03 1.48
Sn (mg/kg) 9.50 0.40 2.27
Sr (mg/kg) 188.0 420 92.4
Ta (mg/kg) 2.40 0.03 0.36
Th (mg/kg) 16.9 12 3.7
Ti (mg/kg) 032 0.01 0.08
U (mg/kg) 3.10 0.40 1.01
V (mg/kg) 82.0 0.3 16.0
W (mg/kg) 3.80 0.10 0.78
Y (mg/kg) 16.3 0.8 3.0
Zn (mg/kg) 134.0 2.0 20.4
Zt (mg/kg) 65.2 7.1 18.8

In the study area, most part of the sedimentary
carbonates are mainly related to biogenic remains (mollusks
shells and tests of foraminifera). Most of the walls that
delimit the engineering structures that keep the Ria de
Aveiro mouth open are covered with mussel’s colonies. Near
the entrance of Mira Channel there are also mollusk crops.
When these organisms die, the shells are probably
transported and accumulated in some areas as the map of
distribution of calcite revealed (Fig. 2 h). In zones of low
depth, the evaporation of salt water should give rise to the
chemical precipitation of carbonates, such as at the western
zone of Mira Channel.

5.2 Elemental Normalizers

The characteristics of the terrigenous sediments
deposited in a continental margin broadly reflect the
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prevailing climatic conditions, the geology of the continental
source area and oceanographic processes (Herut and
Sandler, 2006). The major input of sediment into the coastal
marine and transitional environments is carried out by the
rivers from the weathering of continental rocks (Herut and
Sandler, 2006). Most of the analyzed elements in this work
should be direct or indirectly related to sediment load
transported by the littoral drift or by the rivers that discharge
into the inner Aveiro Lagoon regions.

Theoretically, Al is a conservative major element,
which has low anthropogenic input and is not significantly
affected by, for instance, early diagenetic processes and
strong redox effects (Dias and Prudéncio, 2008).
Aluminium is the most commonly used normalizer
because it represents aluminosilicates and finer sediments
(Herut and Sandler, 2006). Thus, Al is generally used to
account for granular variations of chemical elements in
muddy sediments. These relationships are also observed
in the study area as evidenced by the positive correlations
of the Al concentrations with phyllosilicates, fine fraction
and OM contents (Appendix 2). Organic matter is usually
associated with fine-grained sediments and related to the
increase of trace elements concentrations in Aveiro
Lagoon (Martins et al., 2015). As mentioned, in this study,
in addition to Al, the efficiency of normalizers, such as Li,
Fe, Be, Ce, Fe+Al, Rb and Sc, is also tested. Lithium may be
a better normalizer than Al in marine sediments enriched
with clay minerals from eroded glacial material (Loring,
1990). Lithium and Sc make part of clay minerals and mica
architecture, being good indicators of this kind of minerals,
particularly in sediments containing Al-silicates in all size
fractions (Dias and Prudéncio, 2008).

Scandium is usually associated with ferromagnesian
minerals and biotite and shows preference for sulfate and
carbonate phosphates (Shotyk et al., 2001). Fe has been
satisfactorily used as a normalizer in several studies.
However, Fe can be remobilized and replaced by pollutants
in anoxic sediments. The use of Fe + Al for normalization
of the sediments does not yield a satisfactory estimation of
the quantity of aluminosilicates, since the oxy-hydroxide
fraction of Fe and Al often interferes with the siliceous
fraction (Roulet et al., 2000). In few studies, Be, Rb and Ce
have been used as normalizers (Herut and Sandler, 2000).
However, due to analytical difficulties, their use has not been
recommended for usual routines.

Despite the Al is one of the most commonly used
normalizers in sedimentary studies (Summers et al., 1996;
Covelli and Fontolan, 1997; Grant and Middleton, 1998;
Aloupi and Angelidis, 2001; Yau and Gray, 2005; Ho et al.,
2012), Grousset et al. (1995) did not consider it efficient, in
a study performed in the Mediterranean Sea, due to its
dependence of meteorological and hydrodynamical
variations. In fact, they considered that Sc was the best
normalizer because their concentrations in sediments were
more similar to its regional levels in the rocks. Lee et al.
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(1994) emphasize that Sc is a good normalizing element,
since it virtually has no industrial applications, is involatile and,
thus, more accurately represents an entire crustal element.

The statistical results of this study suggest that the best
normalizer as a lithogenic and conservative element is in fact
the Sc. Considering that the Aveiro Lagoon entrance is a
quite dynamical area characterized by hydrodynamical
contrasts, which gives rise to heterogeneities in the sediment
granulometry and composition and influence pos-
depositional processes, the element/Sc values seem to be
largely independent of these parameters as evidenced by the
PCA results.

5.3 Possible sources of the sediments in the study area

The elemental composition of sedimentary rocks may
retain the record of their sources. The plots of Figure 5
evidence positive correlations of Zr, Hf and Th
concentrations with Ce, La, Y and Sc. Scandium and Y are
conventionally taken together with the “rare earths” because
of the similarity of many of their properties with the
lanthanides and their rare occurrence in nature.

Scandium contents are generally low in sedimentary
rocks; pure sandstone and limestone often contain <2 mg
kg! whereas argillaceous rocks have higher contents, usually
10-30 mg kg! (Kabata-Pendias and Pendias, 2001). The map
of Sc subsoil distribution shows high values (>13.5 mg kg1
in Variscan crystalline rocks of the Iberian Massif (Herut and
Sandler, 2006). High Sc values can be correlated with
crystalline rocks of intermediate to mafic or alkaline
membership (Licht, 2001). Scandium is present in minute
quantities in many minerals, notably monazite [(Ce, La)PO4]
which is frequently associated with granitic and gneissic
rocks and derived sedimentary particles (Kabata-Pendias and
Pendias, 2001).

Monazite frequently has relatively high thorium contents
(Licht, 2001). Zirconium and Hf can be associated with
heavy minerals (such as titanite, apatite, zircon, epidote,
garnet and clay minerals) which may also control the REE
distribution (Araujo et al., 2007). Thus, positive correlations
of Ce, La, Y and Sc with Zr, Hf and Th should indicate a
common soutrce of these chemical elements, that is, the one
with Variscan granitic and gneissic rocks. Hafnium belongs
to the (T1) Zr group and may occur in association with some
oxide and silicate minerals such as zircon (Cox, 1995).

The high positive correlations among Zr and Hf and the
REE contents (Appendix 2) suggest that the mineral zircon
is mainly responsible for holding these elements. As noticed
by Cascalho and Carvalho (1993), the zircon minerals
(Z1S104) are concentrated in coarser-grained sediments and
are widely spread along the NW Portuguese Continental
Shelf. Zircon (also garnet and apatite) is a heavy mineral with
important REE abundances (Aragjo et al., 2007), which is a
common accessory constituent of most granite, felsic

Alves Martins et al.

SJSE

RESEARCH PAPER

igneous rocks and metasedimentary rocks observed in the
region.

On the other hand, all the element/Sc ratios are joined in
the PCA of Fig. 6, in a group (II) independent of the
sediment grain size parameters. The distribution pattern of
Ce/Sc (Fig. 3c) may give the idea of the general distribution
of other element/Sc ratios. The heterogeneity of the
distribution of Ce/Sc values and all other element/Sc ratios
indicate that the materials deposited in the study area should
result of a mixture of sedimentary sources. However, the
map of distribution of the stations’ groups (Fig. 8) identified
by the Q-mode CA (Fig. 7) allowed to distinguish some
different patterns in the sediments composition of the study area.

Table 2 shows very high values for several element/Sc
ratios (such as Al/Sc, Ce/Sc, 1.a/Sc, Li/Sc, Rb/Sc, Th/Sc,
V/Scand Zr/Sc) in the stations of Cluster 5 (Fig. 7). So, this
group, composed of only three stations, was considered an
outlier. Therefore, only the characteristics of the stations of
the Clusters I-IV (Fig. 7) are discussed in the next item.

The stations of the Cluster II (Fig. 7 and Table 2) are
characterized by the highest K/U values, and the lowest
Ce/Sc and Th/Sc values. The largest number of stations of
this group are located at the entrance of the lagoon inlet.
This number decreases toward the inland along the S. Jacinto
and Mira Channels. This pattern suggests the entry, through
the Aveiro Lagoon mouth, of materials sourced by K-rich
granitic rocks, which dominate the lithology of the Douro
River hydrographical basin (Ferreira et al., 2010), located at
north of the study area.

The stations of Cluster III (Fig. 7 and Table 2) are those
that are located at the lowest depths and are characterized by
lower values of SMGS, quartz, K-feldspars and by higher
values of fines, sorting, OM, plagioclase, calcite, dolomite,
phyllosilicates, Ce/Ce*, La/La*, Y/Y*, Sc/Sc* and Th/U
values. Minerals, such as monazite and zircon, which are
strongly resistant to erosion, may be carriers of Ce, La, Y, Sc
and Th. Thorium concentrations are generally higher in
granitic than mafic igneous rocks forming minerals such as
biotite (Licht, 2001). In sediments, Th is strongly adsorbed
by clay minerals and can trace the contribution of those
materials.

Black shale may have higher Th concentrations, but
never as high as the U content, because of the much stronger
affinity of U for organic material and the greater mobility of

oxidized U022+ in solution (Kabata-Pendias and Pendias,

2001). The largest number of stations in Group III are
located in areas relatively protected from the action of the
most active currents, such as on the west side of Mira
Channel and near the South-Jetty. The stations of Group 111
correspond to depositional sites where fine-grained materials
supplied essentially from granitites erosion ate being
accumulated (Fig. 8).
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Fig. 7. Results of Q-mode cluster analysis based on selected vatiables, such as Ce/Sc, La/Sc, Th/Sc, Al/Sc, Zt/Sc, Rb/Sc, La/La*,
Ce/Ce*, Y/Y*, Sc/Sc*, Nb/Ta, La/Ta, Th/U, K/U and the other analyzed vatiables (depth, fine fraction, SMGS, sotting, quartz, K-
feldspars, plagioclase, calcite, dolomite, phyllosilicates and organic matter values). The asterisks (*) indicate the normalized elements by
the respective upper continental crust composition (according to Rudnick and Gao, 2003).
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Tab. 2. Mean values of the variables (the same used in the PCA of Figure 7) for the groups of stations identified by the CA. The highest
values are shaded and the lower values are signed by the blue letter for the Clusters I-1V, since the Cluster V was considered an outlier
(see the text). Legend: SMGS — sediment mean grain size; Qtz — quartz; <63 pum - fine fraction; TOC — total organic carbon; Sort —
sorting; Phyl — phyllosilicates; Calc — calcite; Dol — dolomite; K-Feld - K-feldspars; Plag — plagioclase. The asterisks (*) indicate the
normalized elements by the respective upper continental crust composition (according to Rudnick and Gao, 2003).

Variables Cluster I = Cluster IT Cluster IIT Cluster IV Cluster V
Depth 15.6 14.5 5.7 21.2 5.0
<63 pm 0.4 1.5 21.1 0.2 0.3
SMGS 536 353 121 1741 1190
Sort 1.6 1.8 2.3 1.5 1.8
TOC 0.45 0.66 2.62 0.34 0.54
Qtz 68.9 61.7 48.0 65.7 66.2
K-Feld 12.5 12.3 10.8 14.3 16.4
Plag 4.6 7.8 12.6 4.7 4.4
Calc 1.9 2.2 2.6 1.8 1.6
Dol 0.8 1.2 2.1 1.2 1.1
Phyl 6.2 9.9 16.0 6.9 5.1
Al/Sc 4.5 1.9 1.4 3.1 46.1
Ce/Sc 24.8 11.2 12.8 19.1 244.4
La/Sc 12.8 5.7 6.4 9.6 130.0
Li/Sc 47.5 17.1 15.8 36.5 558.9
Rb/Sc 186.4 78.3 46.6 136.2 2015.6
Th/Sc 5.6 2.4 2.7 4.4 55.6
V/Sc 34 3.3 3.2 3.8 5.6
Zt/Sc 38.7 13.2 10.4 30.2 361.1
Ce/Ce* 0.001 0.003 0.008 0.002 0.001
La/La* 0.124 0.222 0.701 0.168 0.126
Y/Y* 0.069 0.122 0.311 0.093 0.059
Sc/Sc* 0.021 0.089 0.295 0.051 0.002
Nb/Ta 13.7 13.0 8.3 11.1 134
Th/U 2.9 34 4.5 2.6 2.5
K/U 2.2 2.5 1.5 1.7 1.9
La/Ta 67.5 40.6 24.2 46.8 64.7

The stations of Cluster I (CA of Fig. 7) are characterized
by higher quartz, Al/Sc, Ce/Sc, La/Sc, Li/Sc, Rb/Sc,
Th/Sc, Zr/Sc, La/Ta and Nb/Ta values, associated with
relatively coarse sediments (medium sands). The stations of
Group I (CA of Fig. 7) occur mainly along the navigable
routs of the Aveiro Lagoon inlet, S. Jacinto and Mira
channels (Fig. 8). These stations have more reworked
sediments, as suggested by the highest percentages of quartz
and reduced contents of feldspars. They are also
characterized by higher values of, for instance, Zt/Sc,
Ce/Sc, La/Sc, Th/Sc and La/Ta, which may be related to
zircon and monazite.

The presence of quartz, and possibly zircon and
monazite, in the sediments of Aveiro Lagoon entrance,
which is affected by strong flood and ebb currents on

navigable routes (Vaz et al., 2005), is probably due to the
high resistance of these minerals to erosion.

6. Conclusion

The results of this work have indicated that the best
normalizer at Aveiro Lagoon entrance, which is complex
from the point of view of sedimentary dynamics, is Sc.
Mapping clusters established by the Q-mode CA and,
considering the mean values of the analyzed variables
(including the element/Sc ratios) for the different stations, it
was possible to distinguish different sediment sources.
Sediments from the granite erosion, which should be
supplied mostly by the Douro River Basin, enter through the
lagoon inlet and are the most important components of the
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sediments at the lagoon entrance. The sediments constantly
remobilized within the lagoon entrance are also essentially
derived from granites. The sediments from the Schist—
Greywacke Complex seem to be mostly supplied by the
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rivers that discharge into the lagoon; they are transported by
tidal currents and are transitorily deposited in the lagoon
mouth; and they may leave the lagoon and be scattered
across the continental shelf.
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Fig. 7. The map of distribution of the stations’ clusters identified by Q-mode Cluster Analysis included in Fig. 7.
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