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Abstract

The northeastern outer shelf in Brazil is a complex ecotone that holds significant information on Holocene
sedimentary processes and evolution. X-ray diffraction (XRD), X-ray fluorescence (XRF), and scanning
electron microscopy/energy dispersive spectrometry (SEM/EDS) were employed to investigate bioclastic
sedimentary facies and patches of relict siliciclastic sands. Radiocarbon dating (AMS) indicates that the
carbonate sediments and corals formed in the past millennium. The sediment samples were divided into two
groups using a multivariate analysis of XRD and XRF. The first group consists of siliciclastic materials,
characterized by Si, Al, Fe, K, Zr, and Ti, and has low levels of carbonate and organic matter. The second,
bioclastic and mixed facies, has a high carbonate content and exhibits elevated concentrations of Ca, Sr, and
Mg, indicating authigenic processes. The EDS data revealed that the shells predominantly consisted of Cl,
Cu, Al, Fe, and Ca. The terrigenous sites are detached from the coastal sources and are mainly located
within the reef areas of the outer shelf. The erosion processes in these areas were inefficient to eliminate the
siliciclastic sediments. This deposit trapped in inter reef sediments holds the key to understanding the timing
and interactions between past coastal processes, shelf valley incision, and reef evolution during the Late
Holocene transgression.

Keywords: Siliciclastic facies, heavy minerals, radiocarbon dating, reefs, marine sediments.
Resumo

A plataforma externa nordeste do Brasil ¢ um ecétono complexo que contém informacdes significativas
sobre os processos sedimentares e sua evolugdo do Holoceno. Difra¢do de raios X (DRX), fluorescéncia de
raios X (XRF) e microscopia eletronica de varredura/espectrometria de energia dispersiva (SEM/EDS)
foram empregadas para investigar facies sedimentares bioclasticas e manchas reliquiares de areias
siliciclasticas. Datagdes por radiocarbono (AMS) revelaram que os sedimentos carbonaticos ¢ os corais se
formaram no 0ltimo milénio. Utilizando uma analise multivariada de DRX e FRX, as amostras de
sedimentos foram divididas em dois grupos. O primeiro grupo é composto por sedimentos siliciclasticos,
caracterizados por Si, Al, Fe, K, Zr e Ti, e apresenta baixos teores de carbonato e matéria organica. O
segundo grupo, facies bioclastica e mista, possui alto teor de carbonatos com concentragdes elevadas de Ca,
Sr e Mg, indicando processos autigénicos. Os dados EDS mostraram que as conchas consistiam
predominantemente de Cl, Cu, Al, Fe e Ca. Os resultados indicam que os sitios terrigenos estdo separados
das fontes costeiras e estdo localizados principalmente nas areas dos recifes da plataforma externa. Os
processos erosivos nessas areas foram ineficientes na eliminagdo dos sedimentos siliciclasticos. Este
depdsito confinado entre recifes ¢ a chave para a compreensdo da cronologia ¢ das interagdes entre os
processos costeiros passados, a incisdo do vale da plataforma e a evolugao dos recifes durante a transgressio
do Holoceno tardio.

Palavras-chave: Fécies siliciclasticas, minerais pesados, datagdo radiocarbono, recifes, sedimentos
marinhos.

1. Introduction

Textural characteristics and chemical composition
of sediments record diagenetic changes in siliciclastic
and carbonate facies (Sevastjanova et al. 2012, Nisha &
Achyuthan 2014, Almeida et al. 2017). Numerous
studies have been conducted on sedimentary
provenance to reconstruct erosion and deposition
processes, employing methods like isotopic analysis,
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geochemistry, petrography, heavy mineral analysis, and
statistics (Arz et al. 1998, Sevastjanova et al. 2012, Wu
et al. 2017, Nascimento Silva & Gomes, 2019).
Nevertheless, paleoenvironmental studies have certain
limitations, including the poor preservation of
transgressive deposits on continental shelves (Cattanco
& Steel, 2003, Gonzalez et al. 2004), accurate dating,
and robust proxy records, which are essential
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prerequisites for reconstructing paleoenvironments
(Gao et al. 2019).

The understanding of shelf sedimentation provides
valuable insights into the mechanisms of transport,
hydrodynamic regimes, morpho-sedimentary features
of the shelf, and lithology of the adjacent land areas
(Nisha & Achyuthan 2014, Bastos et al. 2015). For
instance, sedimentary processes during low relative sea
level and the subsequent transgression determine the
supply rates and spatial distribution of terrigenous
sediment. In comparison, the production of carbonate
sediments is primarily driven by biological activity,
such as the formation and degradation processes of
shells and skeletons (Tucker 1985, Gischler 2011,
Bosence 2021). Thus, the occurrence of these two
sedimentary facies depends on different processes, and
the rise of siliciclastic sediment might lead to a decline
in carbonate production. The drowning of shelves and
the landward migration of coastal systems leave relict
sedimentary deposits in deeper parts of shelves with no
relation to their pristine environments (Emery 1968,
Mount 1984).

Modern  sedimentation in  starved mixed
carbonate-siliciclastic shelves often preserves the
trapping and reworking of relict sand sheets into
near-shore and shelf sand-ridges, reefs, and valleys
(Miller et al. 2014). Abrupt changes in sediment facies,
influenced by paleotopography and hydrodynamics,
can reveal the simultaneous occurrence of modern and
relict sediments. As an example, sediment records from
the Turkey shelf indicate a decline in the land-derived
sediment accumulation since the Late Holocene. This
led to modern sediments being limited to the inner
shelf, with relicts found in deeper shelf areas (Alavi et
al. 1989). Another example is in the Gulf of Papua
(Pandora Trough), the siliciclastic sediments were
completely removed or buried during the melting water
pulse 1B, while calciturbidite developed after the
subsequent flooding of the Eastern Fields Reef (Jorry et
al. 2008).

In the continental shelf of northeastern Brazil,
transgressive and regressive events interfinger
carbonate and siliciclastic sediments since the Miocene
(Pessoa Neto 2003). Since last deglaciation, the
sediment-starved shelf in a semi-arid climate has been
characterized by limited estuaries and tidal channels
(Barbosa et al. 2018, Ferreira et al. 2022). In this
scenario, the preservation of sedimentary deposits is
difficult due to the erosional context, which spreads
carbonate and siliciclastic facies along and across-shelf
(Nascimento Silva et al. 2018, Vieira et al. 2019,
Morais et al. 2020). Nonetheless, if shelf inundation
occurs rapidly, sea-level indicators like terraces, reefs,
and incised valleys are more probable to be preserved
(Camargo et al. 2015, Gomes et al. 2020, Morais et al.
2020). However, this could lead to the formation of
shelf deposits that are limited to certain zones, where
coralline algae gather on the outer shelf and quartz
sands are found mainly in shallower water depths (Vital

et al. 2008, Dominguez et al. 2013, Moreira et al.
2020).

This present study aimed to investigate the sources
and controls involving mixed siliciclastic and carbonate
sediments found on the outer shelf of the Rio Grande
do Norte (RN), northeastern Brazil (Fig. 1).
Geochemical analysis (XFR, XRD, and MEV/EDS)
were applied to identify the processes on sediment
deposition and the main factors controlling their
distribution patterns. Additionally, AMS radiocarbon
dating was employed to examine the sedimentation
events and analyze the sedimentary evolution during
the Holocene.

2. Regional settings

The study area is the outer continental shelf of RN
(Figs. 1 and 2). This is clearly compartmentalized in
the inner shelf, between coastline and 25 m water
depth, and outer shelf, between 25 and the shelf break
at approximately 70 m (Gomes et al. 2020). A middle
environment occurs locally near the Acu Incised Valley
(Gomes et al. 2014, 2015). The continental shelf
presents distinct physiography in their compartments
with a very low gradient (1:1500) on the inner shelf
and a steeper gradient (1:200) on the outer shelf
(Gomes & Vital 2010, Gomes et al. 2014, 2015). The
shelf  presents mixed carbonate-siliciclastic
sedimentation, with the shallow portion being
siliciclastic, the intermediate 1is siliciclastic and
carbonate and the outer region is predominantly
carbonate, which are sensitive to climatic changes and
hydrodynamic regimes (Vital et al. 2008, Gomes et al.
2015, 2016, Nascimento Silva & Gomes 2019).

In the outer shelf, along approximately 60 km over
terraces between 25 and 45 m water depths, the reef
field Agu Reefs is composed of patches of knolls and
ridges with an average height of 4 m, which
geomorphological evidence shows that the latest reef
generation were formed after 11 kyrs BP (Nascimento
Silva et al. 2018, Nascimento Silva & Gomes 2019,
Gomes et al. 2020), spanning from the end of the
Younger Dryas, and through millennial events of
sea-level rise until sea level reached the current
position since 7 kyr (Bezerra et al. 2003, Stattegger et
al. 2006, Nascimento Silva et al. 2018, Angulo et al.
2022). Laterally, marine terraces occur on the northern
and eastern outer shelf of the RN at depths below 25 m
(Gomes et al. 2020). Subaqueous dunes have also been
identified on the transition between the inner and outer
compartments (Vital et al. 2008, Nascimento Neto et al.
2019). The Acu Incised Valley cut the entire shelf and
left a Pleistocene morphological expression on the
modern shelf surface (Vital et al. 2010a, 2010b,
Schwarzer et al. 2006, Gomes et al. 2014, 2015, 2016).
It is an important morphological barrier for the easterly
shelf sediment migration with a narrower shape, with a
maximum width of 2 km on the middle and outer shelf
(Gomes & Vital 2010, Gomes et al. 2014). This
negative relief of the valley, of about 20 m, channelizes
tidal currents and induces a complex process of
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sediment mixing (Gomes et al. 2016). At the shelf
edge, submarine canyons have widths of up to 6 km
(Almeida et al. 2015). They are also important
structures for sediment transference, which become
very active during the lower sea levels, when river
runoff erosive processes intensify in the shelf break,
whereas gravity flows, ocean forces, and tectonic
activity rejuvenate the slope features (Almeida et al.,
2015).

The continental shelf of RN is characterized as a
complex high-energy system formed by the
combination of winds, waves, tides, and ocean currents

(Testa & Bosence 1999, Vital 2009, Vital et al. 2010a,
Gomes et al. 2016). Wave and tide processes have a
constant influence on coastal dynamics, with the tidal
ranges of 3.3 m in the spring tidal and 1.2 m in the neap
tidal and with the wave height maximum is 80 cm and
the minimum is 22 cm in the breaker zone (Lima &
Vital 2006, Vital 2009, Vital et al. 2010a). The North
Brazil Current streams the shelf with parallel flow
parallel to the coast with speeds of 30-40 cm/s
(Knoppers et al. 1999). On the mid-and outer shelf, the
dominant easterly tide-wind-driven currents have an
average speed of 24 cm/s (Gomes et al. 2016).
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Figure 1 - Bathymetric map of northern RN shelf with sites of sediment samples and main shelf features and indication of the A¢u Reefs in orange

shapes (after Nascimento Silva et al. 2018).
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Figure 2 - Study area map showing the outer continental shelf with the distribution of the sediment samples used to XRD, XRF, EDS, and radiocarbon
dating (AMS) analyzes. Sedimentological map including the Agu Reef distribution are after Nascimento Silva et al. (2018).

3. Materials and methods

A total of 123 sediment samples were collected
along transects of 10 km perpendicular to the shelf
edge with a distance of approximately 2 km between
samples (Fig. 2). The survey was carried out in June
2015 and June 2016 using the Van Veen grab sampler
with which support and positioning system (Datum
WGS - 84) of the hydrographic ship of the Brazilian
Navy Balizador Manhaes H20 (Nascimento Silva et al.
2018, Nascimento Silva & Gomes, 2019). Grain size
analysis follows the procedure of samples washing
three times to remove salts, drying at 50 °C oven-dried,
homogenization, and splitting. The subsamples were
separated by weighing ~10 g for quantification of
calcium carbonate via 10% HCI attack, measuring the
initial and final weights, which provided the carbonate
content. Another ~10 g of each sample was subject to
weight loss on ignition (LOI) by weighing the samples
after drying at 600 °C for organic matter incineration.

Grain size patterns were analyzed following Folk
(1974). Leptokurtic distributions indicate uniform,
hydrodynamically compatible grain sizes, likely due to
prolonged transport or reworking. Mesokurtic
distributions show intermediate patterns, while
platykurtic distributions reflect a wide range of particle
sizes, attributed to varying sedimentation processes or
sources (Nascimento Silva & Gomes 2019). The
sedimentary facies classification proposed by SAG
software (Dias & Ferraz 2004) and adapted to local

classes based on Vital et al. (2008) (after Larsonneur
1977).

Geochemical analysis took the sediments passed
through a 230-mesh sieve. The X-ray diffraction
analysis (XRD) used ~ 5g from 18 samples and the
X-ray fluorescence (XRF) analysis used ~ 5g from 14
samples. Based on sample site and compositions, 10
samples were used for scanning electron
microscopy/energy dispersive spectrometry
(SEM/EDS) analysis. The XRD analysis of samples
were performed using a D8 ADVANCE Eco, with
KCua emission scanning of 2° to 55°, under a scan
speed of 2°/min. The concentration of chemical
elements was determined by XRF with a Shimadzu
EDX 720 diffractometer equipped with Rh tube.
Particles of different samples (i.e., 55, 70, and 130)
were selected by binocular analysis and were adhered
to two-sided carbon adhesive tape over an Al support.
The morphological data and x-ray microanalysis results
used a scanning electron microscope (FEI/Philips
XL30 FEG ESEM) with Electron Backscatter
Diffraction analysis and Energy-Dispersive X-ray
operating in a high-vacuum mode with an acceleration
voltage of 20 kV, 50 s of acquisition time, and a 35°
elevation.

The multivariate analysis was applied to the
interpretation of the metals distribution in the
sediments, using the unweighted pair-group mean
average (UPGMA) algorithm, following the calculation
of the Euclidean distance between samples, and also
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Principal Components Analysis (PCA) was applied to
observe distinct behavior of the variables metals,
carbonate content, and organic matter. The numerical
procedures of the analysis were carried out using PAST
(Hammer et al. 2001), the dataset was normalized and
transformed in a similarity matrix and the correlations
were tested for significance in statistical parameters
where a < 0.05 provided a significant correlation.

Additionally, the 14C ages of four sediment
samples with carbonate content where siliciclastics

Table 1 — Uncalibrated and calibrated (AMS) radiocarbon ages.

dominate and two corals (Siderastrea sp.) were
determined using accelerator mass spectrometry
(AMS), at the Poznan Radiocarbon Laboratory, Poland.
The calibration was made with the OxCal v4.4.2
software (Bronk Ramsey 2009) using marine data from
Heaton et al (2020). The results of calibration are given
in intervals of calendar age with the probability of ca.
68% and ca. 95%. Uncalibrated and calibrated ages are
shown in Table 1.

Lab. Number/ Depth Conventional 1-Sigma 2-Sigma Years before 1950 yr | Age BP (mean
Samples (m) Ages C14 and 68.3% 95.4% BP (cal. BP) probability)
Uncertainty probability probability (max) (min)

Poz-118053/ 25 840 +/-30 1464-1676 AD 1380-1838 AD 570 112 341

AcuCoral02

Poz-118054/ 17 435 +/-30 1853 AD 1907 AD 97 43 70

AcuCoral03

Poz-118061/ 30 715 +/-30 1565-1819 AD 1497-1942 AD 453 8 231
AcuSed01(AR-71)

Poz-118060/ 30 890 +/-30 1437-1645 AD 1323-1770 AD 627 180 404
AcuSed02 (AR-55)

Poz-118058/ 25 935 +/-30 1402-1617 AD 1290-1710 AD 660 240 450
AcuSed03(AR-46)

Poz-118005/ 15 900 +/-30 1430-1640 AD 1315-1756 AD 635 194 415

TubSed01
4. Results To identify the minerals in the sedimentary facies of

4.1 Sedimentary analysis

The siliciclastic sands are predominantly medium
sand grain size (1 - 2 ¢), moderately sorted,
symmetrical, and mesokurtic. The bioclastic sediments
are very fine gravel (-1 - 2 ¢), poorly sorted, very fine
skewed, and platykurtic. The mixed sediments are fine
grain-size (2 - 3 ¢), poorly sorted, very coarse skewed,
and mesokurtic to very leptokurtic. The CaCO3 content
of the sediments ranges from 3 to 99% and the organic
matter ranges from 0 to 5% (Table 2). The bioclastic
facies consist of fragments of benthic foraminifera,
bivalves, gastropods, ostracods, molluscs, and
Halimeda (Fig. 3).

the shelf, especially the siliciclastic ones, XRD
analyses were employed. The mineralogical analysis of
the selected samples revealed that the sediments mainly
consist of calcite, aragonite, and quartz. The most
significant calcite concentrations were discovered in
samples 17, 46, 55, 71, and 78 (Fig. 4a), with sample
17 being the most consistent and located in the AIV at
a water depth of 40 m. The presence of aragonite is
restricted to sample 78, occurring as a secondary
mineral beneath quartz at 45 m water depth. Quartz
was found in samples 55, 78, and 130. Staurolite is
present in samples 55 and 71, strontianite and zircon
are found in sample 78, and sample 130, near the head
of the canyons at a water depth of 55 m (Fig. 4f),
contains wollastonite and zoisite.

Figure 3 - Biogenic constituents. a) benthic foraminifera; b) bivalves; c¢) gastropods; d) ostracods; €) molluscs, and f) Halimeda.

108



Table 2 - Sedimentary facies types of sediment samples.

Quaternary and Environmental Geosciences (2024) 15:104-118

Sediment  Sedimentary facies Depth Carbonate (%) Organic Mean Sorting Skewness Kurtosis Statistical Classifications

Samples (m) matter (%)

17 Bioclastic gravel 40 99.6583 5.6700 1.600 1.861 -0.396 0.798 Very Fine Gravel, Poorly Sorted, Very

Fine Skewed, Platykurtic

34 Bioclastic coarse sands 25 98.4312 7.4400 -0.408 1.362 0.412 0.933 Very Coarse Sand, Poorly sorted, Very
with granules Fine Skewed, Mesokurtic

46 Siliciclastic medium 25 20.3790 2.4700 1.839 1.015 -0.102 1.288 Medium Sand, Poorly Sorted,
sands Symmetrical, Leptokurtic

55 Siliciclastic medium 30 3.8378 1.2000 1.234 0.761 -0.083 1.036 Medium Sand, Moderately Sorted,
sands Symmetrical, Mesokurtic

69 Biosiliciclastic fine to 37 65.5711 4.5400 2.239 1.054 -0.032 0.932 Fine Sand, Poorly Sorted, Symmetrical,
very fine grain-size Mesokurtic
sands

70 Siliciclastic fine to very 35 29.2157 2.9800 2.302 1.384 -0.392 2.209 Fine Sand, Poorly Sorted, Very Coarse
fine grain-size sands Skewed, Very Leptokurtic

71 Siliciclastic fine to very 30 18.3676 2.1000 2.360 1.381 -0.394 2.397 Fine Sand, Poorly Sorted, Very Coarse
fine grain-size sands Skewed, Very Leptokurtic

78 Biosiliciclastic fine to 45 51.4001 3,7900 2.567 1.501 -0.609 1.009 Fine Sand, Poorly Sorted, Very Coarse
very fine grain-size Skewed, Mesokurtic
sands

80 Silicibioclastic fine to 30 354315 3.7400 2.461 1.080 -0.300 2.572 Fine Sand, Poorly Sorted, Fine Skewed,
very fine grain-size Very Leptokurtic
sands

81 Siliciclastic medium 25 14.2971 1.2700 1.828 0.817 -0.025 0.930 Medium Sand, Moderately Sorted,
sands Symmetrical, Mesokurtic

90 Siliciclastic medium 25 39144 0.9400 1.259 0.715 -0.116 1.107 Medium Sand, Moderately Sorted, Coarse
sands Skewed, Mesokurtic

114 Siliciclastic coarse to 40 19.2150 2.1902 1.418 1.68 -0.108 0.841 Medium Sand, Poorly Sorted,
very coarse sands Symmetrical, Platykurtic

128 Siliciclastic medium 25 1.5118 0.6825 1.418 1.168 -0.108 0.841 Medium Sand, Poorly Sorted, Coarse
sands Skewed, Platykurtic

130 Siliciclastic fine to very 55 5.9604 0.7933 2.197 0.632 -0.249 0.883 Fine Sand, Moderately Well Sorted,
fine grain-size sands Coarse Skewed, Platykurtic

138 Siliciclastic coarse to 20 5.2588 0.3614 0.887 0.630 0.159 0.769 Coarse Sand, Moderately Well Sorted,
very coarse sands Fine Skewed, Platykurtic

162 Siliciclastic medium 95 24.8685 1.4886 1.824 0.774 0.086 1.088 Medium Sand, Moderately Sorted,

sands

Symmetrical, Mesokurtic
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Figure 4 - X-ray diffractograms of the outer shelf sediment samples. a) sample 17 shows peaks calcite (Cal) and aragonite (Arg); b) sample 46 shows
peaks calcite, aragonite and staurolite (St); c) sample 55 shows calcite, aragonite, quartz (Qz) and orthoclase (Oz); d) sample 71 shows peaks calcite,
aragonite and staurolite; e) sample 78 shows quartz, aragonite, strontianite (Str) and zircon (Zr); f) sample 130 shows peak wollastonite (Wo), quartz

and zoisite (Zo).

Fourteen samples underwent XRF analysis to
quantify the eclements, and the results indicated
significant concentrations in ten elements (Table 3).
The analysis of Pearson’s correlation coefficient among
the ten most common elements revealed an abundance
of metals in the following order: Ca, Si, Al, Fe, Sr, Zr,
K, Ti, Mg, S. Strong negative correlations were
observed between Ca-Si (r = -0.85513), Ca-Al (r =
-0.83514), Ca-K (r =-0.83507 ), Ca-Ti (r = -0.71723),
Si-Mg (r = -0.80235), Si-S (r = -0.84956), Al-Sr (r =
-0.70659), Al-S (r =-0.79501 ), Fe-Sr (r =-0.77501),
Sr-Ti (r = -0.83972), Zr-Mg (r =-0.78627) and S-K (r =
-0.81606). Very strong positive correlations were

identified between Ca-Mg (r = 0.91502), Si-Al (r =
0.96516), Si-K (r = 0.97088) and Al-K (r = 0.92553).
However, Sr-Zr (r = -0.12146) had negative weak
correlations and K-Zr (r = 0.18539) positive weak
correlations. No statistically significant correlations
were observed between Ca-Zr, Si-Zr, Al-Zr, Sr-Zr,
Zr-K, K-Ti, Sr-Mg, and Zr-S concentrations (Table 3).

Punctual SEM-EDS analyses were conducted on
benthic foraminifera shells, revealing the presence of
metals in the following proportions: Cl > Cu > Al > Fe
>Ca>Zn>Sr>Mg>K>Cr>Zr>Si>Ar>Ti
(Table 4). The shells showed signs of corrosion due to
chemical dissolution (Fig. 5).
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Table 3 - Pearson’s correlation among the more frequent chemical elements in the bottom sediments.
Ca Si Al Fe Sr Zr K Ti Mg S
Ca 1
Si -0.85513 1
Al -0.83514  0.96516 1
Fe -0.63109 0.8538 0.87286 1
Sr 0.73205 -0.68632 -0.70659 -0.77501 1
Zr -0.35269 0.37957 0.41236 0.67801 -0.41587 1
K -0.83507 0.97088 0.92553 0.7614 -0.61934  0.18539 1
Ti -0.71723 0.69281 0.68593 0.89804 -0.83972  0.76983 0.59457 1
Mg  0.91502 -0.80235 -0.69928 -0.63788 0.51377 -0.78627  -0.79395 -0.63113 1
S 0.81715 -0.84956 -0.79501 -0.5862 0.55528 -0.12146  -0.81606  -0.60866  0.73032 1

Table 4 - Concentrations of the chemical elements present in the foraminifera shells Amphistegina gibbosa (17), Archaias angulatus (34), Elphidium
articulatum (55), and Archaias angulatus (69).

Samples Element Weight% Atomic%

Mg 1.42 1.76
Al 11.80 13.17
Si 0.68 0.73
Cl 39.14 33.23
Ar 2.14 1.62
17 K 2.92 2.25
Ti 1.78 1.12
Fe 4.59 2.47
Cu 14.19 6.72
Sr 2.08 0.71
Al 11.35 12.28
Si 1.84 1.91
Cl 28.45 23.42
Ca 5.54 4.03
Ti 1.10 0.67
34 Fe 6.44 3.37
Ni 1.88 0.93
Cu 6.56 3.01
Zn 11.19 5.00
Mg 2.00 2.60
Al 5.44 6.36
Si 1.63 1.83
Cl 50.60 45.02
Ca 4.69 3.69
55 Cr 2.62 1.59
Fe 2.50 1.41
Cu 5.94 2.95
Zn 4.53 2.19
Sr 2.04 0.73
Zr 2.39 0.83
Al 36.56 29.94
Si 3.73 2.93
69 Cl 6.75 420
Ca 3.16 1.74
Mn 0.37 0.15
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Figure 5 - Scanning Electronic Microscopy images depicting composition of benthic foraminifera of the outer shelf sediments. Amphistegina gibbose
(sample 17) (a) displays Cl and Ar as the main elements in it disperse energy spectra, while Archaias angulatus (sample 34) (b), Elphidium
articulatum (sample 55) (c¢), and Elphidium articulatum (sample 69) (d) exhibit Cl as the major element in their disperse energy spectra.
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4.2 Statistical analysis

Cluster analysis depicted the relationship between
metals and the content of organic matter and carbonate
(Fig. 6). Group "A" consists of Ca and Si with a
Euclidean distance of approximately 0.3. Group "B" is
composed of S, Mg, and Sr, which exhibit similarities
with values around 0.5. Group "C" is composed of K,
Ti, Zr, Fe, and Al, with a similarity of approximately
0.6. Within this group, Fe and Al are the most similar,
with values around 0.8.

Despite the distinct geochemical properties of Si
and Ca, they reflect the co-occurrence patterns, a
specific  geochemical context, particularly in
environments of mixed sediments in the study area, that
influence their concentrations in the analyzed samples.

The largest factors in the multivariate PCA
accounted for roughly 80% of the total variance (Fig.

- 0.1

7). The sediments are divided into two groups, with
contrasting variances. The first group encompasses
bioclastic and mixed sedimentary facies, all of which
are intimately linked to Ca, Mg, Sr, S, CaCO3, and
Organic Matter. The second group consists of
siliciclastic ~ sediments, ~which  show  positive
relationships between K, Si, and Al, and between Fe,
Ti, and Zr (see PC2 in Fig. 7).

For instance, the K, Si, and Al elements are
prevalent in sediments derived from continental
sources rather than in carbonate sediments. Moreover,
the Fe, Ti, and Zr suggest enrichment in heavy minerals
typical of siliciclastic sediments. However, these
elements exhibit more restricted variation among
minerals, or with minor variance in relation to principal
components (see PCl in Fig. 7) representing an
influence of carbonate environment. The positive and
negative correlations observed in PC2 highlight distinct
sources or processes of transport and deposition..
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Figure 6 - Cluster analysis showing three groups of the major metals in the sedimentary sandy facies: bioclastic, biosiliciclastic, silicibioclastic, and
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5. Discussion
5.1 Sediment Sources Signatures

This study employed tracers such as Si, Al, Fe, K,
Ti, and Zr to identify continental sources, and used Ca,
Sr, Mg, and S elements as indicators of marine
sediments. The strong negative correlations between Ca
and Si, Al, K, and Ti, as well as the Si-S, Fe-Sr, and
Zr-Mg, highlight the differences in composition of
continental and marine sediments (Table 3). According
to the PCA analysis, the presence of bioclastic and
mixed sedimentary facies is associated with elevated
carbonate content, organic matter, and the elements Ca,
Mg, Sr, and S (Fig. 7). As expected, high
concentrations of Ca occur in the form of aragonite and
calcite in marine carbonate sediments (Fig. 4; Table 4).
The strong positive correlation between Ca-Mg, Ca-Sr,
and Ca-S suggests in situ carbonate production, often
associated with biological activity, organic matter, and
origin in carbonate-rich environments. In contrast, the
siliciclastic facies found on the outer continental shelf
exhibit a strong positive correlation between Si-Al,
Si-K, and AIl-K. Hence, these positive correlations
support the idea that carbonate and siliciclastic facies
have distinct sources and depositional processes.

Most bioclastic sediments, constituted of Halimeda
fragments, molluscs, coral algae, and benthic
foraminifera, have high levels of Ca, Mg, and Sr. The
Mg and Sr ions in seawater lead to the formation of
aragonite (Sr-rich) and calcite (Mg-rich), which
co-precipitated in a biogeochemical process (Martins et
al. 2012, Cohen & McConnaughey 2003). The strong
correlation between Ca and Mg result from an easy
incorporation of Mg in calcite and aragonite in the
calcareous shells of marine organisms indicating that
metal scavenging processes and the metal-rich seawater
influences the biomineralization (Ries 2005, Finch &
Allison 2007). Similar to the study area, the
neighborhood Ceara shelf is characterized by Sr-rich
aragonite carbonate facies (Freire et al. 2004, Marques
et al. 2008, Ximenes Neto et al. 2018), which sediment
pattern extends northward to the equatorial continental
shelf (e.g., Alfonso et al. 2006). Thus, the main factors
determining the Ca, Mg, and Sr contents in the modern
bioclastic facies are biological and physicochemical
environmental interactions.

The presence of Si, Al, Zr, Ar, and Cr in the
foraminifera shells observed in this study suggests the
involvement of terrigenous particles, thereby reflecting
secondary post-depositional processes (Fig. 5a). The
structure of the calcareous benthic foraminifera,
specifically Amphistegina gibbosa and Elphidium
articulatum, was found to be influenced by the
chemical elements found in seawater. For instance, in
the Baltic Sea, several metals (i.g., Ca, Sr, Mg, Mn, Zn,
Fe, and Cu) occur in shells of bivalve molluscs built
with different calcium carbonate polymorphs (Lea
1999, Rainbow et al. 2004, Piwoni-Pidrewicz et al.
2021). This influence was observed through reactions

and substitution of elements and producing a
paragenesis mixing with biota (Reichart et al. 2003,
Russell et al. 2004).

The mineralogical composition and the cluster
analysis show that the siliciclastic facies indicators
(high concentration of Si, Al, Fe, Zr, K, and Ti) have
great similarity (Fig. 6) providing evidence of a
common source. The siliciclastic sediments contain
minerals of continental sources as quartz, orthoclase,
staurolite, zoisite, wollastonite, and zircon (XRD
analysis of samples 55, 71, 78, and 130 in Fig. 4).
These results are consistent with previous studies (Silva
& Vital 2000; Vital & Guedes 2000, Sousa et al. 2000),
which identified a variety of translucent and opaque
heavy minerals as hornblende, epidote, zircon,
staurolite, kyanite, andalusite, tourmaline, titanite,
anthophyllite, zoisite, rutile, garnet, cordierite, siderite,
and sillimanite in the Agu river-delta and in the inner
shelf. The neighborhood Cearé shelf also has similar
siliciclastic sediment compositions formed by Fe, Al,
Si, Mn, Cr, Zn, Ti, and K from predominantly
continental sources (Aguiar Neto et al. 2014, Ximenes
Neto et al. 2018), with minerals of ilmenite,
tourmaline, epidote, hornblende, monazite, staurolite,
sillimanite, rutile, magnetite, zircon, andalusite,
kyanite, garnet (Cavalcanti et al. 1993), which are
derived from the pre-Cambrian granites (Freire et al.
2004). The geochemical signature of siliciclastic facies
along these continental shelves points to a common
provenance resulting from the weathering of igneous
and metamorphic sources.

The mineralogy of the siliciclastic sediments
trapped in inter reef environments of the outer
continental shelf (Fig. 4 and Table 3) is coherent with
the lithology of the land areas surrounding the Agu and
Apodi drainage basin. These land areas are
predominantly of Neoproterozoic and Paleoproterozoic
metamorphic  basement terrains  (gneisses and
orthogneisses) and Cretaceous sandstones and
calcareous rocks (Silva & Vital 2000). The study by
Almeida et al. (2017) found zircon and rutile in the
sediments, indicating their maturity and pointing to the
fluvial systems as the main contributors to deposits on
the continental slope and rise. Furthermore, the Agu
and Apodi rivers were the only channels through which
sediments from inner land sources reached the modern
outer shelf region during Quaternary periods (Vital et
al. 2010b; Gomes et al. 2016, 2020). Hence, the
siliciclastic sediments found on the outer shelf originate
from the innermost land and ultimately mix with
reworked detrital marine sediments.

5.2 Controls on Modern and Relict Sedimentation

The siliciclastic and carbonate facies along the
outer shelf have distinct statistical patterns and
geochemical differences which allowed to access the
marine and continental sources, as well as the
deposition and mixing processes. For instance, the
bioclastic facies were formed and deposited in situ,
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while the trace elements present in the shells, the ages,
and the state of preservation of the benthic
foraminifera, indicate a post-depositional process (e.g.,
Alavi et al. 1989, Billups et al. 2022, Eichler et al.
2019, 2024). In contrast, the textural maturity of the
siliciclastic sediments, especially the moderately
sorting, provide evidences of intense transport and
reworking (e.g., Pilkey et al. 1988, Nascimento Silva &
Gomes 2019), which is incompatible with the modern
hydrodynamics of the outer shelf environment
(Damasceno et al. 2022). Further, siliciclastic deposits
are located in patches within inter-reef formations,
approximately 30 km from coastal terrigenous sources,
and preserved due to low oceanographic energy in
inter-reef areas, indicating their relict origin.

Considering the steep outer shelf gradient (1:200),
the regional morphologies (i.e., terraces, reefs) (Gomes
et al. 2020), and the higher energy conditions during
marine transgression crossed this region (i.e., coastal
wave, alongshore, and tidal currents), this
morphological setting controlled the preservation of the
terrigenous relicts and the mixing sedimentation
process outside reef areas along the outer shelf. For
example, relict sediments on the Turkey shelf occur
patched on deeper parts of the shelf, as sea level
reached approximately its present position nearly 5 kyr
B.P.,, while the bulk of the siliciclastic input began to be
deposited in the inner shelf zone (Alavi et al. 1989). In
the study area, the last transgression allowed only a
short depositional time (~11 to ~9 kyr), small
horizontal (~8 km), and vertical space (between 25-70
m water depths) for deposition and preservation of
terrigenous sediments. Besides, in this phase of the
transgression, the recent submerged shelf provided
favorable conditions to the development of the Acu
reefs (Nascimento Silva et al. 2018), as they acted as
traps for the terrigenous sediments carried by the rivers.
The subsequent rising sea-level rapidly flooded the
incised valleys, resulting in the landward migration of
river-mouth deposits and the entrapment of relict
sediments within the reef field.

These traps preserved the detrital sediments inside
the Acu reef field, also in depressions of older relieves,
from wave, tide, and currents, which were not able to
completely remove the relict sediments. In contrast,
there are no siliciclastic sediments within the Agu
incised valley at its middle and outer portion (Gomes et
al. 2015). According to local studies (Schwarzer et al.
2006; Lima and Vital, 2006; Vital et al., 2010b; Gomes
et al., 2014, 2016), the A¢u and Apodi Rivers incised
the entirely exposed shelf during the Last Glacial
Maximum. These river valleys bypassed sediments
from land sources, loading the heavy minerals, to the
shelf edge and to deep waters (Almeida et al. 2015,
2017). However, the valley is covered by surficial
sediments, mainly carbonate muds, that are currently
reworked by channelized tidal-flows (Gomes et al.
2016). Therefore, river and coastal sediments do not
affect the modern outer shelf sedimentation and

consequently siliciclastic deposits are older than the
sedimentation intervals that covered almost the entire
outer shelf with carbonates.

The ages of the carbonate sediments are earlier than
the maximum of 660 cal. BP (conventional ages 935 +
30 BP and 715 + 30 BP), which fall in the Late
Holocene, when the sea level and coastline were
already very near the present-day position (Barbosa et
al. 2018). The last plenty interaction between river and
coastal processes in the zone of the modern outer shelf
was prior to 9 kyr, based on sea-level indicators at
20-25 m (Gomes et al. 2020). Further, the RN sea-level
curves (Bezerra et al. 2003, Stattegger et al. 2006,
Kumar et al. 2018) show that the coastline reached the
present position after around 7 kyr entirely drowning
the shelf. Thus, consistent with the position of the Agu
reefs, between 25 and 55 m and detached 25 km far
from the coast (Fig. 1), the inter reef siliciclastic
deposits (Fig. 2) were isolated from land sources for at
least since the Middle and Late Holocene.

There are noteworthy implications for carbonate
depositional processes. Considering the last millennia,
the dated carbonate sediments inside the reef field
(samples AcuO1 and Acu02) and also outside (samples
Acu03 and Tub0l) were not buried, and sediments
were only reworked locally. Besides, geophysical
high-resolution seismic data show that the open areas
of the outer shelf have only a modest thickness of the
Holocene sediment package with maximum 3 m
(Gomes et al. 2014, Nascimento Silva et al. 2018). This
indicates a poor carbonate production or a slow
sedimentation rate. In contrast, recent studies
conducted in the Agu reefs area support the idea that
the outer shelf environment is favorable to benthic
habitats due to factors such as reef and valley
structures, water quality, temperature, and nutrient-rich
upwelling (Roriva et al. 2019, Billups et al. 2022,
Damasceno et al. 2022, Eichler et al. 2024). Despite
this, the coeval outer shelf and reef environments
display significant discrepancies in the spatial and
timing of carbonate and siliciclastic deposits. The reef
fields, specifically, have been subjected to a slow burial
process since the Late Holocene to the present day.

6. Conclusions

The textural maturity and chemical contents of the
carbonate and siliciclastic sedimentary facies are
directly related to their marine and continental source,
respectively. The elements Ca, Sr, Mg, and S are
derived from marine sources and exhibit a negative
correlation with Si, Al, and Zr, which are of continental
origin. This contrast between marine and continental
elements is clearly seen in the multivariate analysis,
where two distinct groups are identified. The presence
of major trace elements revealed that the siliciclastic
facies come from terrigenous sediments in the Acu and
Apodi rivers, transported during shelf exposure and
trapped in the Acgu inter-reef area.
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By examining radio-carbon ages, geochemical
analysis, and post-depositional chemical processes in
foraminifera, it can be concluded that the carbonate
sediments are from the late Holocene period and have
low sedimentation rates. The siliciclastic sediments are
older than the drowning of the shelf, which occurred
prior to the Middle Holocene. Hydrodynamic
incompatibility between the siliciclastic facies and
carbonates leads to contrasting depositional processes.
The relief and sediment texture of the outer shelf
indicate that in the Early Holocene, the coasts
experienced higher hydrodynamic energy compared to
the present coastline. Sedimentation on the outer shelf
is influenced by sea-level changes, fluvial input, shelf
morphology, hydrodynamics, erosion, transport, and
trapping. Siliciclastic sediments are present in protected
areas of the reef fields, far from the coast, with limited
preservation on the open outer shelf. Additional
investigation is needed due to the challenge of
punctuating lateral facies mixing in this outer shelf
setting.
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