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Abstract: This paper revisits the intermediate sediment repository (ISR) concept applied to prove-
nance, using a comparison of the detrital zircon population of Holocene beach sand from the
southwest Portuguese coast with populations from their potential source rocks. The U-Pb age of de-
trital zircon grains in siliciclastic rocks allows for the interpretation of provenance by matching them
with the crystallization ages of igneous source (protosource) rocks in which this mineral originally
crystallized or which was subsequently recycled from it, acting as ISRs. The comparative analysis of
the Precambrian, Paleozoic, and Cretaceous ages using recent statistical tools (e.g., kernel density
estimator (KDE), cumulative age distribution (CAD), and multidimensional scaling (MDS)) suggests
that the zircon age groups of Carboniferous, Triassic, and Pliocene-Pleistocene ISRs are reproduced
faithfully in Holocene sand. Furthermore, the recycling of a protosource (Cretaceous syenite) in a
sedimentary system dominated by ISRs is evaluated. It is argued that the ISR concept, which is not
always taken into account, is required for a better understanding of the inherent complexity of local
provenance and to differentiate sediment recycling from first- cycle erosion of an igneous rock.

Keywords: zircon U-Pb dating; provenance; sediment recycling; siliciclastic rocks; plutonic rocks; pro-
tosource

1. Introduction
1.1. Zircon

Zircon crystallizes from magma that is saturated in zirconium, and it may undergo
the dissolution and recrystallization associated with magmatic and metamorphic pro-
cesses [1-3]. The composition of the magma and the temperature of crystallization affect
the morphology of zircon, which may present different external forms [1]. Zircon formed
by distinct processes shows a wide variety of internal patterns which can only be identified
efficiently by using cathodoluminescence images [2,3]. Magmatic zircon may have a struc-
ture corresponding to a single crystallization event, or it may be composite, representing
more than one crystallization event as indicated by the core and rim patterns [4]. In the
latter case, the core may represent an early stage of crystallization or older zircon that
derived from the host rocks [5,6]. Zircon that grows during metamorphism tends to form
growths surrounding the older (inherited) grains or appear to be non-composite grains,
representing a unique growth event [4].

Zircon is common in most sedimentary systems associated with the deposition of
siliciclastic rocks because it is extremely resilient in the face of erosion, which makes it
invaluable for provenance studies. At present, the U-Pb age of detrital zircon may be deter-
mined with precision and accuracy by using a laser ablation inductively coupled plasma
mass spectrometer (LA-ICP-MS), sensitive high-resolution ion microprobe (SHRIMP),
and thermal ionization mass spectrometry (TIMS) [4,7,8]. These have all been used as a
proxy for the age of the source (magmatic, metamorphic, or sedimentary) rock from which
it was sourced [9].
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Sediment may be derived from different sources located either close to or far from the
sedimentary basin (Figure 1), and its detrital zircon content depends on the dispersal path
of the sediment from the inferred provenance area to the sedimentary basin [7,10-12].
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Figure 1. Schematic diagram illustrating the interplay between distal and local provenance, remote and nearby sources,

protosources, and intermediate sediment repositories (ISRs).

Sedimentary rocks may contain zircon grains derived from older sources that are
not exposed in the provenance areas draining to the basin; thus, they pass through an
intermediate sediment repository (ISR) before reaching the sink [9,13]. Comparing the
detrital zircon population of siliciclastic rocks with the crystallization ages of potential
protosources (i.e., the igneous or metamorphic rock [14-17] in which zircon crystallizes)
or an ISR that includes grains recycled directly from protosources (first-cycle erosion)
and an older ISR is crucial in provenance studies [9,13]. Nevertheless, recycling from
older sedimentary deposits may be more significant than first-cycle derivation from a
protosource. Overlooking the possibility that detrital zircon age clusters may have resulted
from the multi-cycle recycling of older magmatic, sedimentary, or metamorphic rocks may
lead to the misinterpretation of their provenance [8].

1.2. The Intermediate Sediment Repository (ISR) Concept

One of the most relevant concepts for studying the source rocks from which sediments
are derived is that of the protosource, developed by Pell et al. [17] for fingerprinting
the provenance regions of modern Australian dune sands using U-Pb dating of detrital
zircon grains. These authors used the term protosource (Figure 1) to describe the parent
igneous rocks in which a zircon grain crystallizes. In accordance with their definition,
they also considered the metamorphosed derivatives of those igneous parent rocks to be
protosources but excluded metasedimentary deposits derived from the recycling of many
different areas.

A reference study by Sircombe [13] on the provenance of Cenozoic siliciclastic de-
posits from eastern Australia made emphasis on the concept of the intermediate sediment
repository (ISR), which is also relevant. This author studied the U-Pb detrital zircon pop-
ulations of Holocene sands sampled along the coastline and compared them with those
from potential nearby and remote sources of Precambrian to Tertiary ages.

Sircombe’s results [13] highlighted the pervasive occurrence of a significant age group
of Precambrian (mostly Neoproterozoic) detrital zircon in the modern beach sands of
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eastern Australia. This finding was intriguing because local sources of this age were not
previously known near the sampled sites, with the closest known coastal exposure of
Precambrian rocks occurring about 1000 km away in the Adelaide Orogen.

In search of the potential sources of the Neoproterozoic detrital zircon age group found
in the Holocene sands, the author decided to study Triassic (Sydney Basin) and Tertiary
(Murray Basin) siliciclastic rocks by performing tests to find out whether Neoproterozoic
grains had passed through ISRs before reaching the modern beach. This followed a similar
study previously conducted on Precambrian detrital zircon found in Paleozoic sedimentary
rocks (in the Lachlan Fold Belt [18]) and Quaternary dune sands (in the Mallee dune
field, which overlaps the Tertiary Murray Basin [17]) of eastern Australia. Sircombe [13]
recognized that the Neoproterozoic detrital zircon age group was almost ubiquitous with
Triassic and Tertiary siliciclastic rocks and Holocene beach sands. Thus, it is plausible that
the Sidney and Murray basins acted as ISRs, and that the Precambrian zircon found in
Holocene deposits was recycled from the older siliciclastic rocks. This previous research
has shown that the detrital zircon input from ISRs may be superimposed on the fingerprint
of local sources [7,19] and may also mimic a protosource that is not presently exposed in
the proximity of the sedimentary basin (Figure 1).

In this paper, we intend to revisit the ISR concept by performing a comparative study of
zircon age populations from potential nearby sources of a modern sedimentary basin, based
on a statistical approach using a kernel density estimator (KDE), the Kolmogorov-Smirnov
(K-S5) test to produce cumulative age distribution (CAD) curves [20-22], and multidimen-
sional scaling (MDS) graphs [23-25], which have been increasingly used in provenance
studies. We aim to provide a contribution toward the discussion regarding the interplay
between distinct ISRs (Carboniferous, Triassic, and Pliocene-Pleistocene siliciclastic rocks)
and an igneous protosource (Cretaceous) that provides zircon grains to the Holocene
beaches of the southwest Portuguese coast (Figure 2A).

2. Study Area
2.1. Geomorphology and Geology

In the Sines-Santiago do Cacém region (southwest Portuguese coast), the Holocene
beach is bound landward by Holocene dunes and sea cliffs. The Holocene beach north
of Cape Sines is characterized by mean grain size variations that present progressive
longshore coarsening southward, going from medium (Areias Brancas beach) to very
coarse (Ribeira de Moinhos beach) grain sizes [26]. South of Cape Sines, fine to medium
sand is found at the beach in Sao Torpes (Figure 1) [27].

The sea cliffs mostly comprise the Pliocene-Pleistocene sandstones and conglomerates
of the Alvalade Basin (north of Cape Sines), the Cretaceous plutonic rock exposures of Cape
Sines, and the Carboniferous metasedimentary rocks of the South Portuguese Zone (south
of Cape Sines) [16,28-30] (Figure 2C) that represent the uplifted pre-Mesozoic basement of
southwest Iberia.

The coastal plain through which the main streams flow toward the sea cliffs is inter-
rupted by a topographic relief 20 km inland, which is controlled by NNE-SSW-oriented
active faults. These streams, which carry sediment to beaches, have provenance areas
located west of the Santiago do Cacém topographic relief with a height of 260-291 m
(Figure 2B). The stream catchment zones are underlain by Lower Jurassic limestones
and Upper Triassic sandstones and conglomerates of the Alentejo Basin, as well as the
Carboniferous siliciclastic rocks of the South Portuguese Zone [31] (Figure 2C).



Minerals 2021, 11, 233 40f 15

A B Elevation (m)
) T o
[ Jo-20
[ la20-40
I 40-60
I 5030
I s0- 100
[ ] 100-120
B 120- 140
SINES . ; S I 1:0- 160
L { [ 150 - 180
I 50 - 200
I 200- 220
Sao Torpes beach €™~ : :I ey
. [ ] 240-260
[ ] 260-291

i Direction of
- Holocene beach sand & stream flow
{modern beaches)

8°00'W Y
Areias Brancas
beach

Ribeira de Moinhos
beach

ATLANTIC OCEAN

Sado tiver
7 Gape Sines

Holocene sands
I:I {dunes and ancient beaches)

Pliocene-Pleistocene sand 9°00'W
|:| and gravel, Miocene sandstone (Alvalade basin)

Sines

pluton .
Areias Brancas

Bl Cretaceous gabbro
and diorite
I:l Cretaceous syenite beach

Jurassic carbonate rocks
{Alentejo basin)

Q
& ) TsanTiado

DO CACEMA

L
T =
Triassic siliciclastic rocks =
{Alentejo basin) ;
<

|:| Carboniferous siliciclastic rocks
(Mira Formation; South Portuguese Zone)

Holocene
beach sands,

Holocene dune/river
sands.

Cretaceous .-Pliocene-Pleistocene sandsyy
plutonic rocks .| to Miocene siliciclastic rocks
syenites

{5y $% ) Jurassic carbonate rocks

and basalts

Triassic sandstones X

Carboniferous netagreywackes X

Figure 2. (A) Inset with the location of SW Iberia in a Google Earth Pro image of the Iberian Peninsula (western Europe)
showing two tectonic units of the Variscan orogenic belt. OMZ = Ossa-Morena Zone, and SPZ = South Portuguese Zone,
which includes the drainage system of the Sado River. (B) Digital elevation model based on high-resolution topographic
data of the Shuttle Radar Topography Mission (SRTM-NASA), showing the relief and the drainage system (blue dashed
lines) of the study area of Sines-Santiago do Cacém. (C) Simplified geological map and stratigraphy (the stars are units with
U-Pb zircon data presented in Figures 3-5) of the Sines-Santiago do Cacém region, showing the Holocene sand deposits,
the Pliocene-Pleistocene Alvalade Basin, the Triassic Alentejo Basin, and the Carboniferous South Portuguese Zone rocks
(adapted from [31,32]). I-II = cross-section of Figure 6.

2.2. Potential Sediment Sources

This study focuses on testing for the existence of potential nearby sources for Holocene
beach sands. In the Sines-Santiago do Cacém region, the oldest exposed rocks belong to an
Upper Devonian volcano-sedimentary complex, and a Lower Carboniferous sequence of
greywackes and shales belong to the South Portuguese Zone (including the Serpukhovian—
Bashkirian Mira Formation). These Carboniferous metasedimentary rocks (turbidites),
which were derived from denudation of the Late Paleozoic Variscan orogenic belt with
massive Lower Carboniferous magmatism [33], are exposed on the sea cliff south of Cape
Sines, along the course of the streams, and in the topographic relief of Santiago do Cacém
(Figure 2C). At Santiago do Cacém, an angular unconformity between the Carboniferous
siliciclastic rocks of the Mira Formation and the overlying sandstones and conglomerates
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of the Triassic Alentejo Basin may be recognized [34]. Triassic siliciclastic rocks, which
result from the erosion of the Variscan basement rocks [34,35], show a conformable upper
contact with overlying Lower Jurassic limestones and interbedded basalts (Figure 2C),
which were formed during the early stages of opening of the North Atlantic Ocean circa
197-196 Ma [36].

Cape Sines mostly consists of an Upper Cretaceous pluton (circa 77-74 Ma [16,37])
composed of syenite, gabbro, diorite, and mafic breccias, surrounded by the host Middle—
Upper Jurassic limestones of the Alentejo Basin. Cretaceous plutonism occurred in a post-
rift setting that lasted throughout the rotation of the Iberia microplate and the initiation
of Alpine compression [37]. The Sines pluton is submerged to the west and covered by
Cenozoic deposits that occur inland to the east (Figure 2C).

Close to Cape Sines, the sea cliff also includes the Middle-Upper Jurassic limestones
of the Alentejo Basin and the Pliocene-Pleistocene siliciclastic deposits of the Alvalade
Basin. Cenozoic sedimentary deposits unconformably overlie Carboniferous turbidites,
Jurassic limestones, and Cretaceous plutonic rocks [31]. Pliocene-Pleistocene deposition
is associated with transport along main rivers, whose mouths are located on the Atlantic
coast [38], controlled by Alpine faults [28]. The Cenozoic sedimentary rocks of the Alvalade
Basin also unconformably overlie the Paleozoic sedimentary, metamorphic, and igneous
rocks of the Ossa Morena Zone that occur inland to the east [28]. This Late Paleozoic tectonic
unit of the Variscan orogenic belt is made of Cambrian to Carboniferous sedimentary rocks,
mostly derived from the recycling of Ediacaran sedimentary and magmatic arc rocks,
as well as Cambrian-Lower Ordovician magmatic rocks [30]. These potential remote
sources are exposed in the catchment zones of where the Sado River drains into the Atlantic
Ocean (Sado Ebb-tidal delta), located 65 km north of Cape Sines.

3. Statistical Analysis of U-Pb Zircon Ages

The quantitative analysis presented in this study was based on a compilation of detrital
zircon U-Pb ages from Holocene beach sands [16] and their potential metasedimentary
and sedimentary sources [16,28,29,33,34,39-41], as well as igneous zircon ages from Sines
plutons [16,30]. LA-ICP-MS measurements, 90-110% concordant 206pp,_238y ages for
grains younger than 1.0 Ga, and 2%”Pb-?%Pb ages for older grains [41] were used to
compare the distinct populations of zircon U-Pb ages obtained. The geochronological
methods are described in [16,28,29,34,39,40]. Table 1 presents a summary of the zircon
U-Pb ages obtained.

3.1. Kernel Density Estimator

Figure 3 shows the KDE, graphed using IsoplotR [24]. KDE is a method for visual-
izing detrital age distributions, which involves obtaining the sum of a set of Gaussian
distributions, but in contrast to the probability density plot, it does not explicitly take into
account analytical uncertainties [42]. KDE graphs are shown for all detrital zircon ages
(Figure 3A) and the Precambrian age group (Figure 3B) of Carboniferous metasedimentary
rocks, Triassic and Pliocene-Pleistocene siliciclastic rocks, and Holocene beach sand.

Figure 3A shows that the age population of the Carboniferous and Triassic samples
appeared to be quite similar, predominantly presenting Precambrian grains followed by
Paleozoic grains. The detrital zircon age populations of Pliocene-Pleistocene and Holocene
siliciclastic deposits showed differences in the percentages of the youngest age groups
(Table 1). The Pliocene-Pleistocene siliciclastic rocks and Holocene sand were distinct from
the Carboniferous and Triassic bedrock because they contained Cretaceous zircon grains
and a greater abundance of Paleozoic ages compared with the Precambrian age group.
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Figure 3. Kernel density estimation (KDE) plots and pie charts with U-Pb detrital zircon ages of the
Carboniferous (Mira Formation, South Portuguese Zone), Triassic (Silves Group, Alentejo Basin),
Pliocene-Pleistocene (Alvalade Basin) siliciclastic rocks, and Holocene beach sands from the Sines
region. (A) All detrital zircon ages. (B) Precambrian detrital zircon ages (U-Pb data compiled
from [16,28,29,34,39,40]).
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Table 1. Ranges of detrital zircon age groups of the Carboniferous to Pliocene-Pleistocene sili-
ciclastic rocks, the Cretaceous plutonic rocks, and the Holocene beach sand (U-Pb data from
[16,28,29,34,39,40]). Age intervals are based on laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) results with 90-110% concordance. The attribution of U-Pb ages to
chronostratigraphic units followed the International Chronostratigraphic Chart v2020/01. Values are
expressed in Ma.

Carboniferous Triassic P{Eii:tctfcr::e Holocene Cretaceous
Metagreywacke Sandstone Sand Sand Syenite
Cretaceous _ _ 72-95 73-95 74-87
113
Paleozoic 312-402 296 277-293 301-376 _
426 312 297-401 476-531
454 327-405 413-457
465-538 463-541 477-539
Neoproterozoic 548-992 547-964 542-973 553-979 623
Mesoproterozoic 1011-1407 1037-1538 1010-1085 _
1546
Paleoproterozoic 1716-2450 1617-2475 1813-2191 1922-2274 _
Archean 2518-2863 2504-2755 2504-2874 2664-3024 _
3461

Comparative analysis of the Precambrian group of detrital zircon grains indicated
that there were no substantial differences between the different analyzed rocks, apart from
their Archean ages. The dominant age group was the Neoproterozoic age, followed by the
Paleoproterozoic age. The Mesoproterozoic and Archean ages were the least represented,
while Mesoproterozoic grains were absent in Holocene beach sand (Figure 3B).

3.2. K-S Test and Cumulative Age Distribution

A K-S test was conducted to compare the zircon ages of different populations and
the respective cumulative age distribution (CAD) curves produced. The representation
of each zircon age population or age group was assured because over 20 measurements
were included of whatever number of grains was analyzed. Regarding the maximum
vertical (Dmax) difference between the CAD curves, the greater the distance, the greater the
significance of the difference between the zircon age populations or age groups, indicating
that the two samples were not derived from the same source [20,21,43].

In this study, an Excel spreadsheet published on the University of Arizona Geochrono-
logical Center website (https:/ /sites.google.com/a/laserchron.org/laserchron/) was used
to perform the K-S test (Table 2), and IsoplotR [24] was used to graph the CAD curves.
The CAD curves allowed for the comparison of the distributions for distinct groups of the
zircon ages of Carboniferous metasedimentary rocks, Triassic and Pliocene-Pleistocene
siliciclastic rocks, Cretaceous plutonic rocks, and Holocene beach sand. In Figure 4A,
with regard to the distance between the CAD curves, the Carboniferous and Triassic
samples are very close to each other and more distant from the Pliocene-Pleistocene and
Holocene deposits. The cumulative curve of the igneous zircon from Cretaceous syenite
diverges from the other four CAD curves because it included only the youngest ages.
Figure 4B shows how the CAD curves for the Precambrian detrital zircon ages of all the
above siliciclastic samples overlap, with some minor differences.
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Table 2. Results of the Kolmogorov-Smirnov (K-S) test of the detrital zircon distribution ages of the Carboniferous, Triassic,
and Pliocene-Pleistocene siliciclastic rocks, as well as Holocene beach sand (U-Pb data from [16,28,29,34,39,40]). Age in-
tervals are based on LA-ICP-MS results with 90-110% concordance. DZ = Detrital zircon. Age groups: PR = Precambrian
zircon, PZ = Paleozoic zircon, and PZ + PR = combination of Paleozoic and Precambrian zircon. ISR = intermediate sedi-
ment repository. The probability of the observed D-value being unrelated to age differences between the two populations or
age groups is given by a p-value corresponding to a confidence interval of 95% [21], with high D-values and low p-values
indicating that the observed difference between the two populations or age groups may be explained by distinct sources
[43]. Numbers in bold with a p-value > 0.05 indicate zircon populations or age groups that are not significantly different;

D-values using error in the CDF are indicated by underlined values.

PRDZ p-Values Using Error in the CDF
Carboniferous ISR Triassic ISR Pliocene-Pleistocene ISR Holocene Sand
Carboniferous ISR 0.893 0.891 0.977
Triassic ISR 0.068 0.443 0.965
Pliocene-Pleistocene ISR 0.071 0.098 0.818
Holocene Sand 0.077 0.077 0.100
D-values Using Error in the CDF
PZ Dz p-values Using Error in the CDF
Carboniferous ISR Triassic ISR Pliocene-Pleistocene ISR Holocene Sand
Carboniferous ISR X 0.012 0.149 0.035
Triassic ISR 0.277 0.000 0.000
Pliocene-Pleistocene ISR 0.163 0.382 0.834
Holocene Sand 0.241 0.434 0.079 X

D-values Using Error in the CDF

PZ+PRDZ p-values Using Error in the CDF
Carboniferous ISR Triassic ISR Pliocene-Pleistocene ISR Holocene Sand
Carboniferous ISR 0.344 0.000 0.000
Triassic ISR 0.091 0.000 0.000
Pliocene-Pleistocene ISR 0.326 0.367 0.816
Holocene Sand 0.318 0.369 0.063

Cretaceous DZ

D-values Using Error in the CDF
p-values Using Error in the CDF

Pliocene-Pleistocene ISR
Holocene

Pliocene-Pleistocene ISR

0.171
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0.196

D-values Using Error in the CDF

A - All zircon ages

B - Precambrian detrital zircon ages

1.0 1 . 1.0 4
0.8 1 0.8
= =
5 Holocene beach E
© - —_— -
g 0.6 sands % 06 __ Holocene beach
= Plio-Pleistocene 5 sands
o siliciclastic rocks © Plio-Pleistocene
£ 0.4 1 — Cretaceous syenite -% 0.4 1 | siliciclastic rocks
El — Triassic =l — Triassic
E siliciclastic rocks g siliciclastic rocks
O 0.2 1 — Carboniferous o 024 — Carboniferous
siliciclastic rocks siliciclastic rocks
0.0 +1- 0.0 -
1 Ll 1 I I 1 1 1 T 1 Ll I 1 T T
0 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

Age (Ma) Age (Ma)

Figure 4. Cumulative age distributions of the zircon U-Pb ages from the Carboniferous (Mira Formation, South Portuguese
Zone), Triassic (Silves Group, Alentejo Basin), and Pliocene-Pleistocene (Alvalade Basin) siliciclastic rocks, the Cretaceous
plutonic rocks (Sines pluton), and Holocene beach sands from the Sines region. (A) All (detrital and magmatic) zircon ages.
(B) Precambrian detrital zircon ages (U-Pb data compiled from [16,28,29,34,39,40]).
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3.3. Multidimensional Scaling

The multidimensional scaling (MDS) technique transformed a matrix of pairwise
dissimilarities among the detrital zircon age populations of several samples into Cartesian
coordinates in a two-dimensional space [25]. MDS graphs, performed using IsoplotR [24],
were extremely intuitive for visualizing the relationship between the detrital age distribu-
tions, where greater distances between samples represented a greater degree of dissimilarity
between them.

This statistical tool provided useful means for verifying whether the zircon age popu-
lations found in the older siliciclastic rocks were reproduced faithfully in younger ones
as result of sediment recycling. The MDS diagram for all detrital zircon ages (Figure 5A)
shows that (1) the detrital zircon population of Carboniferous siliciclastic rocks was very
similar to that of the Triassic siliciclastic rocks; (2) there was similarity between the Pliocene-
Pleistocene and Holocene detrital zircon populations; and (3) there was a certain degree
of dissimilarity between the above pairs. Thus, Carboniferous siliciclastic rocks may be
regarded as a source for Triassic siliciclastic rocks, whereas the potential source of Holocene
beach sand seems to be Pliocene-Pleistocene siliciclastic rocks.

The MDS diagram for Precambrian detrital zircon ages (Figure 5B) shows proximity
between the detrital zircon age groups of the Carboniferous and Triassic siliciclastic rocks.
These older sedimentary rocks were plotted close to Holocene beach sand. The Pliocene-
Pleistocene rocks being linked to Holocene sand shows a tenuous connection with Carbonif-
erous siliciclastic rocks. The MDS graph for the Paleozoic detrital zircon ages (Figure 5C)
suggests a stronger association between the Pliocene-Pleistocene and Carboniferous rocks.

In Figure 5D, Cretaceous syenites are located a considerable distance from the Car-
boniferous and Triassic siliciclastic rocks, and they are associated with Pliocene-Pleistocene
and Holocene sedimentary deposits. As for the provenance of Pliocene-Pleistocene silici-
clastic rocks and Holocene beach sand, the MDS diagram suggests significant derivation
from the erosion of Cretaceous syenites and Carboniferous and Triassic siliciclastic rocks,
which are statistically distinguishable.
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Figure 5. Multidimensional scaling (MDS) diagrams with U-Pb detrital zircon ages of the Carboniferous (Mira Formation,
South Portuguese Zone), Triassic (Silves Group, Alentejo Basin), and Pliocene-Pleistocene (Alvalade Basin) siliciclastic rocks,
as well as Holocene beach sands from the Sines region. (A) Precambrian and Paleozoic detrital zircon ages. (B) Precambrian
detrital zircon ages. (C) Paleozoic detrital zircon ages. (D) All detrital zircon ages together with the magmatic zircon ages
from the Sines pluton (U-Pb data compiled from [16,28,29,34,39,40]).

4. Provenance of the Sines Holocene Beach Sand
4.1. Distal and Local Provenance

The analysis of the compiled U-Pb data showed a degree of similarity between the
detrital zircon populations of Carboniferous and Triassic sedimentary rocks, which were
both dominated by Precambrian grains (mostly Neoproterozoic and Paleoproterozoic),
suggesting that those found in the Triassic samples were recycled from Carboniferous rocks.

Previous studies [29,39] demonstrated that the Carboniferous Mira Formation proba-
bly resulted from the erosion of the Ediacaran to Devonian metasedimentary and metaig-
neous rocks of the southwest Iberia basement. In turn, Carboniferous turbidites appeared to
be the dominant source of Triassic Alentejo sandstones and conglomerates [34,35,40]. Thus,
most of the Precambrian and Paleozoic detrital zircon grains passed through Carboniferous
metasedimentary rocks before reaching the Triassic Basin. Carboniferous metasedimentary
rocks are the oldest ISR exposed today in the provenance areas draining into the Sines
coastline (Figure 6).
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Figure 6. (A) Schematic geological cross-section I-1I (see location and legend in Figure 2) showing the provenance of the

Sines Holocene beach sands. (B) Flow diagram illustrating the different zircon provenance ages and the possible delivery

pathways into the Sines Holocene beach sands, with cathodoluminescence images of representative zircon grains from the
Cretaceous syenite, Pliocene-Pleistocene siliciclastic rocks, and Holocene beach sands [16,28,30].

Figure 6 illustrates the flow of Precambrian and Paleozoic detrital zircon grains derived
from the erosion of the (oldest) Carboniferous ISR and then transported and deposited in
the Triassic Alentejo Basin (Figure 6B-1). Precambrian and Paleozoic detrital zircon grains
found in the Pliocene-Pleistocene siliciclastic rocks may have mostly represented recycled
material from the Carboniferous (Figure 6B-2) and Triassic (Figure 6B-3) ISRs, as indicated
by the CAD curves, which are nearly coincident (Figure 3B). Some differences stand out in
the MDS graphs, which compare the Precambrian and Paleozoic detrital zircon age groups
individually (Figure 5B,C). The comparison between the Precambrian zircon age groups
of the Carboniferous, Triassic, and Pliocene-Pleistocene ISRs with Holocene beach sand
showed that they were not significantly different (Table 2). However, the same cannot be
said for the Paleozoic age groups. The Triassic ISR detrital zircon population was different
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from the others, and the Carboniferous ISR was significantly different from the Holocene
beach, which presented Permo-Carboniferous grains (Table 1).

While local provenance is the most likely possibility, distal sources may also provide a
contribution to the Sines beach sand. In the Sines-Santiago do Cacém region, outcrops of
Precambrian rocks are unknown, but there are Neoproterozoic and Paleoproterozoic age
groups present in Sines Holocene beach sands. The oldest rocks found in the southwest
Iberia basement are Ediacaran metasedimentary rocks, which outcrop at least 70 km
inland to the east. These Ediacaran metasedimentary rocks represent an ISR related to
the erosion of a Neoproterozoic (Cadomian) magmatic arc built on the Paleoproterozoic
basement [44,45], which is not recognized in Iberia. Ediacaran siliciclastic rocks include
two main groups of detrital zircon grains—the Neoproterozoic and Paleoproterozoic ages—
and a characteristic gap of the Mesoproterozoic age [46], which coincide with the detrital
zircon age groups of Holocene sands. Thus, we can also presume that Holocene beach
sand was transported over long distances from remote sources located northeast of Sines.
Precambrian detrital zircon may have been transported through the Sado River (located
65 km north of Cape Sines, Figure 2A), reaching the Atlantic coast (Sado Ebb-tidal delta)
and then being distributed in the Holocene beach due to the southward littoral drift of
sediment [47]. Alternatively, the lack of 1.6-1 Ga detrital zircon grains in Holocene beach
sand may have been due to a sampling error; thus, further geochronological data are
required. The lack of Mesoproterozoic grains is not a decisive factor in the interpretation of
the provenance of Sines Holocene sand, because the K-S test results (Table 2) and MDS
graphs (Figure 5) indicated that they were not significantly different from the detrital zircon
population of Pliocene-Pleistocene siliciclastic rocks.

4.2. Recycling of a Protosource: First- and Second-Order Zircon

In this section, the role of the recycling of a Cretaceous igneous protosource (Sines
Syenite, Figure 6) in a Cenozoic sedimentary system is discussed. Before the beginning
of the input of Cretaceous zircon from this new contributor, the available sources were
exclusively ISRs. This new age component of local provenance started to mix with the
recycling of older ISRs during Pliocene-Pleistocene sedimentation. Cretaceous zircon
grains were recycled from Sines plutonic rocks and were responsible for a decrease in the
relative representation of Precambrian and Paleozoic age groups derived from the older
ISRs, as suggested by the KDE plots (Figure 3A). The zircon derived directly from the
first-cycle erosion of the protosource found in Pliocene-Pleistocene siliciclastic rocks may
be classified as first-order Cretaceous zircon (Figure 6B-4).

In the Holocene, Sines syenites remain as a protosource for Holocene beach sands, thus
providing first-order Cretaceous zircon to the sedimentary basin (Figure 6B-5). The Pliocene-
Pleistocene siliciclastic rocks forming the coastal plain and the sea cliffs (mainly to the north
of Cape Sines) represent a possible source of Holocene beach sands, as evidenced by the
remarkable similarities between the detrital zircon distributions of both in the KDE, CAD,
and MDS graphs (Figures 3-5). These results allow us to infer that the Pliocene-Pleistocene
sequence constituted an ISR for the Holocene sedimentary basin. In this case, the ISR, made
of recycled material from Carboniferous and Triassic ISRs (Precambrian and Paleozoic de-
trital zircon grains), also provided Cretaceous zircon derived directly from the Sines pluton
(first-cycle erosion) (Figure 6B-7). Zircon grains from the Sines syenites that passed through
the Pliocene-Pleistocene ISR and were then transported and deposited in the Holocene
basin may be second-order Cretaceous zircon (Figure 6B-6). Besides this, Precambrian and
Paleozoic detrital zircon grains were also probably incorporated in the Holocene deposits
directly from Carboniferous and Triassic ISRs (Figure 6B-8,9). The development of a series
of small-scale alluvial fans related to Pliocene-Pleistocene sources at the base of the sea
cliff supports this interpretation. However, it may be that the Holocene beach sand was
also derived from a mixture of Cretaceous syenite (first-cycle erosion) and Carboniferous
bedrock (ISR) found in the region [16].
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The challenge to differentiate sediment recycling from the first-cycle erosion of
bedrock, which was addressed in this study, is common to other source-to-sink inves-
tigations involving modern sediment. A recent provenance study on the detrital zircon age
distributions of Paleogene North American Cordilleran strata [48] is a convincing example
in this respect.
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