Continental Shelf Research 266 (2023) 105095

CONTINENTAL
SHELF RESEARCH

Contents lists available at ScienceDirect

Continental Shelf Research

ELSEVIER journal homepage: www.elsevier.com/locate/csr | e

Check for

Incised valleys on the Algarve inner shelf, northern Gulf of Cadiz margin: W&
Stratigraphic architecture and controlling factors in a low fluvial
supply setting

a,b

Alvaro Carrién-Torrente ™", Francisco José Lobo ™, Angel Puga-Bernabéu b Maria Lujan®©,
Isabel Mendes , Till J.J. Hanebuth ¢, Susana Lebreiro Marga Garcia ®, Maria Isabel Reguera f
Laura Antén’, David Van Rooij b Javier Cerrillo-Escoriza *"

& Department of Marine Geosciences, Instituto Andaluz de Ciencias de la Tierra~IACT, Spanish Research Council-CSIC and University of Granada-UGR, Avenida de las
Palmeras 4, 18100, Armilla, Granada, Spain

Y Departamento de Estratigrafia y Paleontologia, University of Granada, Avenida de la Fuente Nueva s/n, 18071, Granada, Spain

¢ Department of Earth Sciences, University of Cadiz, Campus Universitario Rio San Pedro s/n, 11510, Puerto Real, Spain

d Centre for Marine and Environmental Research—CIMA, Universidade do Algarve, 8005-139, Faro, Portugal

¢ Department of Marine Science, Coastal Carolina University, 301 Allied Drive, Conway, SC, 29528-6054, USA

f Instituto Geologico y Minero de Espana-Centro Nacional, Spanish Research Council-CSIC, C/ Rios Rosas 23, 28003, Madrid, Spain

8 Oceanographic Centre of Cadiz, Spanish Institute of Oceanography-IEO, CSIC, Ministry of Science and Innovation, Muelle de Levante, s/n, Puerto Pesquero, Cadiz,
11006, Spain

h Renard Centre of Marine Geology, Ghent University, Krijgslaan 281 (S8), 9000, Gent, Belgium

ARTICLE INFO ABSTRACT

Keywords: A network of cross-shelf paleovalleys has been recognized over the paleo-inner shelf off the Gilao-Almargem

G‘{lf ‘{f Cadiz_ Estuary, a small fluvial drainage system that presently receives minor sediment supply in the eastern Algarve

}S)ellsmlc Stratlgraphy shelf, northern margin of the Gulf of Cadiz (SW Iberian Peninsula). This study is aimed at determining the driving
aleovalleys

controls that triggered substantially different paleohydrological conditions and sedimentary dynamics of ancient
fluvial systems in this margin. We focus on evidences of secondary controls on valley genesis and evolution,
superimposed to primary glacio-eustatic control such as antecedent geology, low fluvial supply and changing
hydrodynamic regimes. The architecture and spatial distribution of these paleovalleys were interpreted based on
a grid of seismic profiles with different resolutions. Likewise, a sediment core obtained in a distal position of the
paleovalley system provided information about sedimentary processes during the most recent stage of valley
infilling. The chronostratigraphic framework was constructed based on regional seismic horizons defined in
previous studies and complemented with two AMS 14C dates obtained from bivalve shells.

The inner shelf paleovalley system is composed of several incised valley features which exhibit a remarkable
similar internal architecture. These inner valley features exhibit two major incision phases (from oldest to
youngest; IP 2 and IP 1) that are thought to constitute a simple paleovalley system formed during the last glacial
cycle. The origins of the incision are considered to be different. The older one is related to fluvial incision during
the sea-level fall leading into the Last Glacial Maximum, whereas the recent one is interpreted as the result of
tidal scour during the postglacial transgression. Their corresponding infillings are interpreted, respectively, as
estuarine bay-fill deposits and estuary-mouth sands. Overlying the paleovalley infilling, a distinctive reflective
unit is in agreement with the generation of coastal barriers and related depositional systems.

The formation of the paleo-inner-shelf paleovalley system was strongly conditioned by antecedent geology,
which strongly limited the generation of wide incised valleys and determined the amount of incision landward of
a well-defined break of slope. Its postglacial infilling was mainly estuarine in nature, likely involving the
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Fluvial incision
Tidal inlets
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development of a dendritic system, with numerous barriers interrupted by tidal inlets and channels in a mixed
estuarine system with low fluvial supply.

1. Introduction

Incised valleys are common stratigraphic features in continental
margins, whose development and stratigraphic organization are pri-
marily driven by allocyclic processes such as the rate and magnitude of
relative sea-level variations (Dalrymple et al., 1994; Chaumillon et al.,
2010; Wang et al., 2020). Other controlling factors include variations of
downstream forcing mechanisms such as river and shelf gradients,
pre-existent tectonic features and the morphology and nature of ante-
cedent geology, which may offer different resistance to erosion, even-
tually dictating hydrodynamic processes and sediment supply (Zaitlin
et al., 1994; Dalrymple, 2006; Chaumillon et al., 2010). More recent
studies highlight the potential genetic role played by upstream controls
such as river and sediment discharges (Mattheus and Rodriguez, 2011;
Wang et al., 2019), which are ultimately driven by climatic processes
(Boyd et al., 2006). Specifically, drainage basin size and climate are
correlated with the shape and size of incised valleys (Wang et al., 2019).
Ultimately, valley shape exerts a major control on valley-fill preserva-
tion (Ashley and Sheridan, 1994).

The nature of valley infilling is mostly determined by the rates of
sediment supply and hydrodynamic variables such as waves and tides
(Dalrymple et al., 1994; Chaumillon et al., 2010). The balance between
hydrodynamics and sediment supply exerts a major control on systems
tract preservation (Boyd et al., 2006) and on the formation of distinctive
surfaces within incised-valley infillings, such as ravinement surfaces
(Zaitlin et al., 1994; Tessier, 2012). Specifically, tidal ravinement sur-
faces may constitute the most important stratigraphic features locally
developing tidal inlets (Ronchi et al., 2018), and extending through the
estuarine phase of incised valleys (Tessier, 2012).

There is considerable variability concerning both the stratigraphic
architecture and the spatial distribution of incised valleys. With regard
to their stratigraphic expression, their complexity varies according to
valley size, increasing from small to large drowned valleys (Ashley and
Sheridan, 1994). Thus, small valleys tend to be composed of simple
sequences, and their architecture is more influenced by the effects of
background geology on marine processes (Chaumillon and Weber, 2006;
Chaumillon et al., 2008; Menier et al., 2010; Klotsko et al., 2021; De
Falco et al., 2022) rather than by the characteristics of catchment areas
(Maselli and Trincardi, 2013). As valley size increases, the thickness of
fluvial and estuarine deposits increases (Wang et al., 2020) and com-
pound incised valleys may be preserved (Zaitlin et al., 1994), reflecting
the influence of superimposed sea-level cycles (Dalrymple et al., 1994).

Considering the spatial variability of incised valleys, most cross-shelf
valleys become less distinctive towards the mid to outer shelf, as back-
water effects evolve during relative sea-level falls (Blum et al., 2013). As
a consequence, valley incision tapers at variable distances from land-
ward coastlines at maximum water depths of 70-80 m (Lericolais et al.,
2001; Maselli and Trincardi, 2013). However, in certain outer margin
settings, infilled incised valleys with incisions of tens of meters and
without a clear connection with inland drainages have been documented
(Reynaud et al., 1999; Lericolais et al., 2003; Paquet et al., 2010); the
formation of those distal features has been explained as a combined
effect of glacio-eustatic cycles and tectonic processes, such as tilting or
local tectonic uplift (Reynaud et al., 1999; Burger et al., 2001).

The northern Gulf of Cadiz margin is mainly supplied by two major
rivers (Guadiana and Guadalquivir) whose continued sediment flux has
driven the outward margin growth at least during the late Quaternary
(Hernandez-Molina et al., 2000; Lobo et al., 2005; Mestdagh et al.,
2019). Of these major rivers, recent investigations have mapped incised
valley features off the Guadiana River (Lobo et al., 2018). West of the
Guadiana River, the Algarve coast in southern Portugal is dominated by

an extensive barrier-lagoon system (i.e., the Ria Formosa system) with
reduced fluvial supply. However, at the eastern tip of the barrier system,
a small drainage basin comprising the Gilao and Almargem rivers is
developed. The fluvial outlet is partially protected by the coastal barrier;
therefore, fluvial flux towards the adjacent shelf should be regarded as
negligible. Nevertheless, preliminary inspection of available seismic
records of the fluvial outlet of Gilao and Almargem rivers reveals the
occurrence of abundant incised valley features; this observation is
counterintuitive with the low importance of adjacent river basins, likely
suggesting the existence of significant hydrological changes during the
recent past.

Bearing in mind these preliminary observations, the present study
aims at characterizing a network of incised valleys in the inner shelf of
the eastern Algarve shelf, framing them in the chronostratigraphic sce-
nario available for the northern Gulf of Cadiz shelf and discussing the
driving factors which may have enabled the formation and/or eventual
preservation of incised valleys in a presently under-supplied shelf.

2. Regional setting

This study focuses on paleovalley systems off the eastern Algarve
coast (Portugal), offshore the Gilao-Almargem Estuary (Fig. 1a). The
eastern Algarve coastline is located in the passive continental margin of
the Gulf of Cadiz (southwestern Iberian Peninsula) between the Ria
Formosa barrier system to the west and the Guadiana River estuarine
system to the east (Fig. 1a).

2.1. Geological setting

The Algarve Basin extends from inshore, where a Paleozoic basement
and a flysch sequence of slates and greywackes crop out, to offshore
where the basin fill is composed of Mesozoic and Cenozoic sedimentary
rocks (Terrinha, 1998). A passive extensional margin with continental
siliciclastics and marine carbonates was developed in the Mesozoic. The
margin evolved towards the early Miocene to a terrigenous regime
under active transcurrent tectonics near the Iberian-African plate
boundary (Maldonado and Nelson, 1999; Ramos et al., 2016). The
Cenozoic evolution of the Algarve Basin was determined by the reac-
tivation of N-S to NW-SE Hercynian basement structures and by hal-
okinesis of a thick evaporitic unit (Lopes et al., 2006; Vazquez et al.,
2010; Ramos et al., 2016).

The early Pliocene witnessed the instauration of a terrigenous drift
regime (Maldonado and Nelson, 1999). The late Pliocene-Quaternary
was dominated by glacio-eustatic sequences mainly composed of
regressive and lowstand deposits (Hernandez-Molina et al., 2002); 100
ka sequences have been formed after the Mid Pleistocene Transition
(MPT) in response to a significant increase in sea-level amplitudes
(Maldonado and Nelson, 1999; Hernandez-Molina et al., 2002; Mest-
dagh et al., 2019). A number of deformational features on the eastern
Algarve Shelf indicate neotectonic activity predating and postdating the
MPT (Mestdagh et al., 2019; Lujan et al., 2020).

2.2. Coastal configuration

The eastern Algarve shelf is located between two major coastal fea-
tures: the Ria Formosa Barrier Island System (RFBIS) to the west and the
Guadiana River estuary to the east (Fig. 1a). The RFBIS is composed of
five barrier islands and two peninsulas that enclose a coastal lagoon
(Fig. 1a) which covers an area of 8.4 x 107 m? with an average water
depth of 2 m (Andrade, 1990). The islands and peninsulas are separated
by six tidal inlets that protect the lagoon from the direct impact of
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marine waves (Fig. 1a). The barrier islands are actively changing due to
tidal inlet dynamics (Vila-Concejo et al., 2006; Pacheco et al., 2010) and
to longshore drift (Ciavola et al., 1997; Garcia et al., 2002), character-
izing a highly dynamic system.

The Holocene evolution of the RFBIS implies three main steps (Pilkey
et al., 1989; Sousa et al., 2014, 2019): (1) marine flooding of paleo-
valleys in the early Holocene; (2) development of a proto-barrier during
the early-middle Holocene; (3) full development of the barrier and
enclosing of the coastal lagoon from the middle Holocene to the present.

The Gilao-Almargem Estuary forms in front of Tavira, protected by
Tavira and Cabanas barriers which are separated by the Tavira inlet
(Fig. 1b). The inner part of the estuary contains an almost continuous
record of sediment accumulation in a tidal flat/salt marsh environment.
However, the outer barriers are the result of more discontinuous pro-
cesses (Boski et al., 2008). Indeed, the present barrier was formed in the
sixteenth century (Veiga-Pires et al, 2000). Until then, the
Gilao-Almargen estuary was open to the ocean (Rocha et al., 2004).

In the vicinity of the study area, the major sediment source is pro-
vided by the fluvial input from the Guadiana River (Fig. 1a), which
drains most of the southern half of the Iberian Peninsula with a catch-
ment area of about 67,000 km? (Boski et al., 2008; Lobo et al., 2018).
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The hydrologic regime of the Guadiana River is characterized by large
intra- and intra-annual discharge variability, with mean annual dis-
charges of 80-160 m3 s (van Geen et al., 1997) and inter-annual
discharge variability between extremely low levels in summer and
maximum levels during winter (up to 11,000 m? s™1) (Rocha and Cor-
reia, 1995).

2.3. The eastern Algarve shelf

The Algarve Shelf shows a narrow and steep morphology. Shelf
width increases from 5 km in the south-western area, off the city of Faro,
to 25 km off the Guadiana River mouth (Lobo et al., 2001; Hernan-
dez-Molina et al., 2006). The shelf break occurs between 140 and 150 m
water depths (Fig. 1; Baldy, 1977; Vanney and Mougenot, 1981). Three
shelf domains have been distinguished in the Gulf of Cadiz northern
margin according to the nature of surficial sediments (Fig. 1b; Nelson
et al., 1999, Lobo et al., 2000, 2018; Maldonado et al., 2003, Gonzalez
et al., 2004). The proximal domain is located on the inner shelf, down to
30 m water depth, and is covered by sandy deposits and scattered rocky
outcrops which show a parallel-to-shoreline distribution (Fig. 1b; Rey
and Medialdea, 1989; Fernandez-Salas et al., 1999). The middle domain

Fig. 1. a) Topo-bathymetric map showing the loca-
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is located between 30 and 100 m water depths, and it is characterized by
muddy sediments composed of muds and sandy muds (Fig. 1b; Gonzalez
et al., 2004). The distal domain is located on the outer shelf deeper than
100 m water depths and mainly exhibits muddy sands (Fig. 1b; Nelson
et al., 1999; Gonzalez et al., 2004).

The eastern Algarve shelf receives at present minor fluvial or marine
sediment supplies. Small rivers such as the Gilao and Almargem with a
total catchment of ca 290 km? drain Mesozoic carbonatic and Miocene
siliciclastic substrates. The average precipitation in this region for the
last 75 years is 530 mm yr ! and is concentrated between October and
April. The inner shelf sediment distribution exhibits significant along-
shore variability, due to the major influence of coastal processes, such as
littoral drift and storm currents (Bosnic et al., 2017). However, this re-
gion receives a low amount of sand, as these sediments tend to be
trapped in inlets located to the west (Rosa et al., 2013).

2.4. Oceanographic regime

In the Gilao-Almargem Estuary area, the longshore current is west-
to-east and the tidal regime is mesotidal and semi-diurnal with a mean
range of 2.20 m (Boski et al., 2008). The wave regime is predominantly
from the southwest, associated mainly with moderate-energy Atlantic
swells. Storm events are frequent in autumn and winter, generating
significant wave heights of 4-7 m (Del Rio et al., 2012; Plomaritis et al.,
2015). Measurements of the depth of closure in the Algarve coast pro-
vide values of up to 10 m water depth during high-energy periods
(Dolbeth et al., 2007).

The surface circulation between the RFBIS and the Guadalquivir
River is characterized by a cyclonic pattern (Garcia-Lafuente et al.,
2006). Inner shelf waters (<30 m water depth) are periodically affected
by poleward coastal counter-currents (Garel et al., 2016). The outer
shelf is swept by the Gulf of Cadiz Current (GCC), a branch of the
Portuguese-Canary eastern boundary current that transports Eastern
North Atlantic Central Waters towards the Strait of Gibraltar (Fig. 1a;
Bellanco and Sanchez-Leal, 2016).

3. Material and methods

The present study is based on a combined seismic stratigraphic and
sedimentological analysis, focusing on evidences of incised valleys in the
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eastern Algarve shelf. The chronostratigraphic framework was con-
structed based on two radiocarbon (14C) accelerated mass spectrometry
(AMS) ages and in regional seismic horizons defined in previous studies
(Mestdagh et al., 2019; Lujan et al., 2020). Additionally, the bathymetric
information used in this study was compiled from the European Marine
Observation and Data Network Bathymetry portal (EMODnet, 2020)
with a horizontal resolution of 115 m.

3.1. Material

3.1.1. Seismic profiling

This study is based on the interpretation of different types of seismic
data collected on the continental shelf between Faro (Portugal) and the
Guadiana River mouth. The main dataset used for the seismic inter-
pretation is composed of high-resolution seismic reflection profiles ac-
quired during two oceanographic surveys in 2013: COMIC onboard RV
Belgica and LASEA 2013 onboard RV Ramon Margalef. Two types of
seismic data were acquired: parametric echo sounder acoustic profiles
(TOPAS) and sparker single-channel seismic profiles. Additionally, the
aforementioned data are complemented with seismic data from previous
surveys in the study area, such as the GOLCA 93, FADO 96 and WADI-
ANA 2000 surveys, which used a Uniboom source (Geopulse™) (Fig. 2).

The grid of TOPAS sub-bottom seismic data was acquired during the
LASEA 2013 survey and summed a total length of 1450 km across- and
along-shelf profiles from 20 m water depth to around the shelf break
(Fig. 2). TOPAS acquisition was achieved by a chirp (LFM) pulse form
with transmitting frequencies of 1.5-5.5 kHz, a pulse length of 5 ms, and
a power level of —2 dB. The sample rate was 30 kHz and the trace length
was 200 ms. Post-processing included reflection strengthening, delay
corrections, first break picking, time variable gain, spike removals, tide
and swell static corrections, and top muting.

Seismic profiles acquired with a SIG sparker source were collected
during the LASEA 2013; COMIC 2013 surveys and provided higher
penetration. Sparker profiles were collected for approximately 700 km
generally following or paralleling the track of the TOPAS profiles
(Fig. 2). Acquisition was made with a 300 J seismic source, a vertical
resolution of about 1.5 m, and a 75 m long SIG single-channel streamer;
the shot interval was 2 s, the sampling frequency was 10 kHz and the
trace length varied between 0.5 and 2 s. Post-processing included
correction of navigation offset, gains, bandpass filtering, demultiple,
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Fig. 2. Location of the seismic database on the shelf in the study area offshore of the Gilao-Almargem Estuary (EMODnet Bathymetry Consortium, 2020). The
location of Fig. 3 is indicated in the inset rectangle, and the location of Figs. 4-9 is highlighted.
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tidal and swell static corrections, and top muting.

Uniboom source profiles (Fig. 2) have a cumulative total length of
more than 1500 km. The approximate vertical resolution of the system is
1-1.5 m. Basic post-processing included bandpass filtering, amplitude
corrections (spherical divergence), 2D spike removal (burst noise
removal), swell static corrections and top muting.

Vertical scales of the different seismic profiles are expressed here in
milliseconds for two-way travel time (TWTT), which was converted to
meters below the present sea level (mbpsl) using a mean velocity of
1500 m s~ .

3.1.2. Sediment core data

A sediment core (GeoB19508) obtained during the CADISED 2015
oceanographic survey onboard RV Poseidon was also studied to charac-
terize the distal termination of an incised valley (Fig. 2). The sediment
core has a total length of 494 cm and was collected using a vibrocorer
device.

The lithological description of the sediment core was carried out
through the observation of high-resolution digital images. In addition,
grain size analyzes were performed on sixteen samples collected along
the sediment core at intervals ranging from 20 to 35 cm, enabling the
determination of statistical parameters (mean, sorting, skewness and
kurtosis). Hydrogen peroxide was used to eliminate the organic matter.
Fine and coarse fractions were wet separated using a 63 pm (4 phi) sieve.
The grain size distribution of the fine fraction was analyzed with the
pipette method and the coarse fraction was subdivided by dry sieving
using a sieve rack. Both fractions were graded in phi intervals. Grain size
parameters were obtained using the Geometric Method of Moments and
the textural classification after Folk (1954). In parallel to this analysis, a
carbonate-content analysis (calcimetry) was carried out in two grain size
classes (medium sand and gravel). At least 2 g per sample were treated
with HCI (0.1M) for carbonate dissolution and subsequently, the sam-
ples were put in standby for 24 h prior to being centrifugated.

3.1.3. Radiocarbon dating

Two AMS '*C dates were obtained from mollusk shells without signs
of transport or diagenetic alteration (Table 1). Dating was carried out at
CNA-Centro Nacional de Aceleradores (Sevilla, Spain). Age calibration
was performed with the Calib 8.2 software (Stuiver et al., 2021), using
conventional radiocarbon ages and the MARINE 20 calibration data set
(Heaton et al., 2020) and in which the local reservoir effect (AR) was not
applied. The median of the probability distribution was used as a reli-
able estimation of the sample’s calendar age (Telford et al., 2004). For
years given with the notation BP (Before Present), the zero age is 1950
CE. Gregorian calendar years (BCE/CE) were considered for historic
ages.

3.2. Interpretation procedure

3.2.1. Seismic interpretation
Seismic horizons and discontinuities were interpreted following a

Table 1
AMS radiocarbon data obtained on shells in the studied sediment cores.
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standard seismic stratigraphy procedure (Mitchum, 1977), enabling the
definition of seismic units using the commercially available software IHS
Kingdom™. These data were subsequently exported and mapped using
ArcGIS™ software. We attempted the interpretation of incised valley
systems based on current knowledge of incised valleys seismostrati-
graphic patterns, architectures, and bounding surfaces. (e.g., Vail, 1987;
Boyd et al., 2006; Catuneanu et al., 2011; Gomes et al., 2016; Aquino da
Silva et al., 2016). The depositional sequence boundary for each incision
phase marks the basal reflection and it is associated with valley incision
during relative sea-level falls. Transgressive surfaces (TS; Posamentier
and Vail, 1988) are related to the flooding of the valleys and subsequent
infilling (Vail 1987; Catuneanu et al., 2011). Valley infillings exhibit
typical seismostratigraphic patterns, such as onlap and downlap termi-
nations, vertical accretions, and truncated surfaces (e.g., Aquino da Silva
et al., 2016; Gomes et al., 2016).

Age attribution of the seismic horizons (Fig. 3) was made through the
correlation of the regional seismic grid with sites U1386 and U1387,
drilled during IODP expedition 339 (Hernandez-Molina et al., 2016;
Mestdagh et al., 2019; Lujan et al., 2020). This correlation was based in
the seismic stratigraphic framework for the northern Gulf of Cadiz
continental margin, carried out by Mestdagh et al. (2019), where two
seismic profiles on middle slope were connected to the seismic grid on
the upper slope and the shelf, allowing to illustrate the lateral variability
in the seismic stratigraphic architecture both downslope (shelf vs. upper
slope vs. middle slope) and along-strike. Afterwards, the major regional
seismic surfaces were continued westward across the shelf around the
Guadiana River by Lujan et al. (2020), allowing us to constraining the
relative ages of the incised valleys by using these major regional seismic
surfaces.

3.2.2. Sedimentological interpretation

Descriptions of the lithology, grain size texture, sedimentary struc-
tures, bioturbation, and carbonate content analysis from core
GeoB19508 (Fig. 2) were used in order to obtain information on the
sedimentary processes during the most recent stage of paleovalley
sediment infilling.

4. Results
4.1. Seismic stratigraphy of the inner-shelf paleovalley system

Along the inner shelf off the Gilao-Almargem Estuary, a paleovalley
system was identified between 10 and 40 m water depths (Fig. 3). The
paleovalleys are carved in a well-marked unconformity, which has been
correlated with a major regional seismic surface defined across the
northern Gulf of Cadiz shelf in previous studies (Lujan et al., 2020;
Mestdagh et al., 2019). The unconformity is characterized by low
proximal gradients (0.29°-0.4°) and a distal break of slope at about
30-40 m water depth that runs at around 6-7 km from the coastline
(Fig. 3). In the intervalley areas of the inner shelf, the unconformity is
eroding laterally extensive, highly reflective deposits, showing frequent

Core ID Core Depth Sample code  Sample 813C pMC Conventional cal yr BP cal yr BP Median Relative area
section in core material %o Age 14c Bp (68.3%-1s) (95.4%-2s) probability(“) under
(cm) probability
distribution
1.000
GeoB19508 IV 274 GeoB08-274  Mollusk 0.14 31.57 9261 + 36 9968-9735 10100-9659 9880 1
shells +1.5 +0.14
GeoB19508 IV 329 GeoB19508-  Mollusk 3.46 30.51 9535 + 39 10310-10149 10427-10069 10248 1
329 shells + 1.5 + 0.15

@ Online program Calib.8.2, which uses the marine20.14c calibration dataset recommended for marine samples limited to 603-50,788 14C year BP (Stuiver et al.,

2021; Heaton et al., 2020).
b Heaton et al., (2020).
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7°38' W 7°34' W 7030w Fig. 3. Spatial distribution and schematic cross-
L L sections of the different incised valley features iden-
tified along the Algarve inner shelf off the Gilao-
Almargem Estuary. The trace of the main fluvial
valley which can be considered the seaward extension
of the Gilao River is also represented. Background
information consists of shelf bathymetry, the Last
Subaereal Discontinuity (LSD) slope break line, and
the position of sub-bottom seismic lines. UBI: Upper
« boundary of infilling; IPs 1 and 2: Incised phases 1
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erosional truncations (Fig. 4). Seaward of the break of slope, gradients of
the unconformity increase to values of 0.79°-1.07°.

The inner-shelf paleovalley system is composed of several incised
features that could be identified along the available seismic sections
(Figs. 4 to 9a). These valleys which constitute the inner-shelf system
have small widths and incision depths, with maximum values, respec-
tively, of 650 m and around 30 m below the seafloor (mbsf; Figs. 4-8).
Evidences of tectonic activity are not found in this area. The inner-shelf
paleovalley system is composed of a main valley that can be followed
along 8 km in a NW-SE trend from the present coastline, off the Gilao
River mouth (Fig. 3). This main valley could be traced incising the shelf
from depths of 20-30 mbsf. This valley has a mean width of 250 m and a
mean maximum incision depth of 15 mbsf along the thalweg. Besides,
smaller valleys (150-200 m of width) are located at both sides of the
main valley. The continuity of these lateral valleys on the shelf was
difficult to capture due to the sparse seismic coverage in this area.

Seaward of the break of slope that establishes the boundary of the
inner shelf, other valley features are observed (Fig. 7). However, they
occur at considerably higher depths (80-100 mbpsl) than the inner shelf
valleys, they are less abundant and exhibit blocky seismic facies with
some hyperbola, which could indicate older ages. Because of those
reasons, we suspect that these distal valleys may be not genetically
linked with the inner shelf valleys, and therefore these features are
beyond the scope of this study.

The different inner-shelf incised valleys exhibit a similar strati-
graphic architecture, where two incision phases (IPs 2 and 1) and their
subsequent infillings (ISUs 2 and 1) could be characterized. The incised
valleys and their infillings are buried by a reflective sheet-shaped
seismic unit, which in turn is overlain a rather transparent surficial
seismic unit (Table 2; Figs. 4-8).

The oldest incision phase (IP 2) has incision depths that range from
15 mbsf in proximal areas (Fig. 4) until 32 mbsf in the more distal
southeastward parts of the paleovalleys. It is characterized by an
erosional high-amplitude seismic horizon which truncates the underly-
ing reflective shelf seismic facies. Generally, these channels show nearly
symmetrical U-shaped cross-sections characterized by a central thalweg
(Figs. 4-8).

The infilling of the oldest incision phase has a variable spectrum
(ISU2; Table 2). It is generally characterized by a moderate to low
continuity, sub-parallel seismic configuration (Figs. 4-8). However, a
higher level of complexity is identified locally, where ISU 2 is consti-
tuted by several sub-units with mostly chaotic, highly reflective seismic
configurations bounded by rather irregular horizons, intercalated be-
tween sub-parallel configurations (Fig. 5).

The younger incision phase (IP 1) of the inner paleovalley system is
characterized by a high-amplitude seismic horizon that truncates the
older phase (Figs. 4-8). This phase excavates the shelf from a range of
incision depths of 10 mbsf in the proximal areas to around 22 mbsf
basinward. During this phase, channels cross-sections display variable
geometries that range from symmetric to asymmetric, characterizing
both U-shaped and V-shaped cross-sections (Figs. 4 and 7), although
asymmetric shapes with laterally displaced valley thalwegs are more
common (Figs. 4, 5, 7 and 8).

The infilling of the younger incision phase (ISU 1) is characterized by
chaotic, variable amplitude seismic configurations or by non-stratified,
massive seismic facies (Table 2; Figs. 4-8); additionally, infilling facies
which exhibit lateral migration with some weak tangential-oblique in-
ternal reflections are also identified (Fig. 4). The infilling has an average
thickness of 9 m, reaching a maximum of 14 m in some valleys.

The two incision phases are bounded at the top by a high-amplitude,
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Fig. 4. a) Coast-parallel (SSW-NNE-oriented) sub-bottom seismic Uniboom source (Geopulse™) profile focusing on the proximal inner-shelf paleovalley system (up)
and its interpretation (below). b, c, d) Interpreted zoomed seismic windows of the different paleovalleys. Their location is indicated in Fig. 4a. Here, the important
characteristics observed are: the occurrence of highly reflective seismic facies in the intervalley areas with local identifications of well-marked erosional truncations;
the distinctive seismic facies which compose the infilling of the paleovalleys, with sub-parallel facies infilling the older incision phase (ISU 2) and with chaotic facies

with local occurrences of lateral migrations infilling the younger incision (ISU 1);
and the thin, laterally extensive reflective unit covering the incisions. The color

the asymmetric shape of the younger phase IP 1, with thalwegs displaced laterally;
code and acronyms are indicated here, and the location of the seismic section is

indicated in Fig. 2. IPs 1 and 2: Incised phases 1 and 2; UBI: Upper boundary of infilling; UBS: Upper boundary of sheet-like unit.

mostly flat surface which separates the infilling from the upper deposits
(Upper boundary of infilling (UBI); Figs. 4-8).

The paleovalley system is buried along the inner shelf by a sheet-like
reflective unit that locally exhibits internal reflections, usually sub-
parallel but locally also landward dipping (Figs. 4-9); its upper bound-
ary is marked by a mostly flat seismic horizon (UBS). The sheet-like
reflective unit buries the paleovalleys and their infillings and extends
laterally along intervalley areas beyond the confines of the previous
depressions. In proximal areas (20-25 mbpsl), the unit is very thin (i.e.,
few meters thick), but it thickens in more distal locations, where it might
reach 12 m in thickness in areas where the main paleovalley seems to be
under filled by previous deposits (Fig. 7). There, at least two tabular
deposits seem to be vertically stacked. In more distal locations, the
thickness of the sheet-like reflective unit decreases again to values of 5
m, where the reflective unit exhibit mounded features (Fig. 9a). The
sheet-shaped reflective unit is covered by a rather transparent drape
over most of the inner shelf, increasing the thickness to values of 8-10 m

in distal locations (Figs. 7 to 9a).

4.2. Sedimentary facies and core descriptions

4.2.1. Sedimentary facies

The sedimentological analysis of the available sediment core ob-
tained from the inner-shelf paleovalley system (Figs. 2, 3 and 9a), allow
us to distinguish three main sedimentary facies types, which provide
useful information about the sedimentary processes during the most
recent stage of valley sediment infilling:

Facies Sc: Massive cemented sands. These facies are composed of
well-sorted gravelly sands with abundant granule-to pebble-sized bio-
clasts, mainly bivalves and gastropods. This facies is generally homog-
enous and massive (Fig. 9b); in addition, strong to slight cementation is
observed.

Facies G: Sandy gravels. This facies comprises granule-to pebble-
sized gravels, mainly composed of highly fragmented bivalve shells and
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Fig. 5. Along-shelf (W-E-oriented) sub-bottom
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acoustic profile showing the main inner-shelf paleo-
valley (a) and its interpretation (b) at around 30 m
water depth. The infilling of the lower incision phase
(ISU 2) is very complex, with the occurrence of
erosional irregular surfaces and chaotic mounds
intercalated within sub-parallel seismic facies. The
younger incision phase is asymmetrical, with the
thalwegs displaced eastward. The infilling of the
younger incision phase exhibits a chaotic seismic
configuration. The upper reflective unit is not later-
ally continuous at this location. The location of the
seismic section is indicated in Fig. 2 and the color
code and acronyms are indicated in Fig. 4.
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rounded rock grains, which are hosted in a mixture of fine to coarse
sands and silty sands. This facies is poorly sorted and structureless
(Fig. 9b).

Facies Sm: Massive muddy sands. This facies is composed of well-
sorted sands without sedimentary structures and with large amounts
of bioclasts, mainly bivalves and gastropods. This facies is homogenous
and massive (Fig. 9b), although silt nodules of varying sizes are scattered
in the sands.

4.2.2. Sediment core GeoB19508

This sediment core is 491 cm long and is composed mainly of sands
and gravels (Fig. 9). A correlation between the seismic data and the core
projected position was made (Fig. 9a). Such correlation indicates that
the core penetrates through the sheet-like reflective unit over the LSD

are also indicated.

surface between 50 and 60 mbpsl (Fig. 9a). Nevertheless, at the core
location there is not any evidence of any incised feature, and the closer
paleovalley is located 3.5 km westward (Fig. 9a).

From bottom to top, four intervals can be distinguished (Fig. 9b). The
lower interval (491-436 cm deep; Fig. 9b) is characterized by widely
cemented well-sorted sands (facies Sc) with some gravel-sized bioclasts
(mollusk and gastropods). The second interval (436-345 cm deep) is
dominated by homogenous medium to coarse sands with scarce pebbles
(facies Sc). Along this interval, changes in sand cementation are
observed: slightly cemented sands occur from 436 to 398 cm that are
overlaid by strongly cemented sands from 398 to 381 cm. Then, slightly
cemented sandstones occur from 381 to 360 cm. This latter cemented
sand interval is interrupted by three mud layers (360-355 cm). Finally,
the upper part of this second interval is characterized by highly



A. Carrién-Torrente et al.

cemented sands (355-345 cm). The third interval (345-262 cm deep) is
dominated by sandy gravels, although grain sizes increase to around
315 cm deep and decrease in the upper part. The gravel is composed of
pebble-sized clasts from a wide variety of lithologies with some shell
fragments (facies G). Two AMS 14C dates were obtained in this interval
(Table 1), providing age values that place the formation of these deposits
between 9880 and 10248 cal yr BP (Fig. 9b). Finally, the upper part of
the core (262-0 cm) is characterized by homogeneous fine to medium
muddy sands (facies Sm) finning upward. This interval does not show
any sedimentary structures and contains some silt nodules of variable
size.

Mean grain size shows slight variations along the core ranging from
2.27 to —0.55 phi, with a mean value of 1.43 phi (Fig. 9b). These var-
iations mostly occur in the third interval that has a mean value of —0.14
phi; the rest of the core shows values close to the mean grain size.
Sorting values range from moderately well sorted in the top to poorly
sorted in some intervals (Fig. 9b). Skewness and kurtosis show similar
distributions along the entire core, characterized as coarse skewed and
very leptokurtic; the main changes are found in the third interval

S-N

TT (
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(Fig. 9b), which shows a symmetrical skewness and a leptokurtic range.

Calcimetry analyzes reveal high and homogenous carbonate contents
in the medium sand fraction, reaching up to 90% along most of the core
(Fig. 9b). Meanwhile, the granule fraction shows a lower carbonate
content along most of the core, ranging from 10% to 40%; the only
exception to this trend occurs in the third core interval, where granule-
sized grains have carbonate contents to 90% (Fig. 9b).

5. Discussion
5.1. Regional chronostratigraphic framework

Off the Guadiana River, major shelf erosional unconformities were
correlated with the late Quaternary 100 ka glacio-eustatic cycles from
435 to 27 ka (Fig. 10a; Mestdagh et al., 2019). These surfaces were
identified in the outer shelf; however, the lateral tracing of these shelf
erosional surfaces revealed that they tend to merge landward and
westward, generating protracted hiatuses that increase in magnitude in
those directions (Lujan et al., 2020) (Fig. 10a). Based on the study by
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Fig. 7. Downdip cross-shelf (S-N oriented) Sparker profile (a) and interpretation (b) showing the occurrence of valleys landward and seaward of the break of slope
that establishes the seaward boundary of the paleo-inner shelf. Landward of the break of slope, the main inner shelf paleovalley is observed at an approximate depth
of 40-80 ms (more details of this valley are provided in Fig. 8). Seaward of the break of slope, several valley features occur at water depths of 39 m. Here, the
paleovalleys seem to be covered by blocky, highly reflective seismic facies, and the lateral flanks of the valleys are not easily identified. The location of the seismic
section is indicated in Fig. 2 and the color code and acronyms are indicated in Fig. 4. The location of Fig. 8 (inset rectangle), and the crossings with Fig. 6 and 9 are

also indicated.
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Fig. 8. Downdip cross-shelf (S-N-oriented) Sparker profile showing the main inner-shelf paleovalley (a) and its interpretation (b). The paleovalley occurs landward
of the break of slope, and is characterized by two phases of incision and infilling. The second incision phase is asymmetric and is mostly covered by non stratified
seismic facies. The reflective unit covering the paleovalley and its infilling is relatively thick here (maximum thickness of 10 m) and exhibits some landward-directed
prograding reflectors. The color code and acronyms are indicated in Fig. 4. The location of the seismic section is indicated in Fig. 2 and 7. The crossing with Fig. 6 is

also indicated.

Table 2

Summary table of the seismic facies, including the seismic configurations, boundaries, interpretations and acronyms for each seismic unit characterized in the inner
shelf paleovalley system identified in this study. IPs 1 and 2: Incised phases 1 and 2; UBI: Upper boundary of infilling; UBS: Upper boundary of sheet-like unit.

Seismic unit Seismic image Seismic configuration

Seismic Boundaries Geometry Interpretation

Reflective Sheet-
like Unit

ISU1

1SU 2 * 7 Amplitude: Low to medium
Configuration: Sub-parallel

Amplitude: Low-very low
Configuration: semitransparent with ~ Termination:
high amplitude reflections

Amplitude: Low to medium
Configuration: Massive/Chaotic Termination: Toplap- Channel-like sands//Tidal Inlet features

Top: UBS Wedge Paleobarrier

Concordance/Toplap
Botom: UBI
Termination: Downlap

Top: UBI Wedge/ Estuarine-mouth massive

Erosion

Botom: IP 1

Termination:

Concordance/Downlap

Top: IP 1 Wedge/ Estuarine infilling
Termination: Toplap- Channel-like

Erosion

Botom: IP 2

Termination:

Concordance/Downlap

Mestdagh et al. (2019), and on other previous studies conducted on the
Algarve margin (Herndndez-Molina et al., 2016; Lujan et al., 2020;
Duarte et al., 2022), the following major erosional surfaces have been
recognized on the Algarve Shelf: LSD: Last Subaerial Discontinuity (0.02
Ma); LQD: Late Quaternary Discontinuity (0.3 Ma); and MPD: Mid

10

Pleistocene Discontinuity (0.9 Ma).

The available chronostratigraphic information in the region derived
from age-dated major regional seismic surfaces indicates the inner-shelf
paleovalley system is genetically related to the LSD (20ka; Mestdagh
et al., 2019; Lujan et al., 2020), as this surface is the most regionally
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Fig. 9. a) W-E-oriented sub-bottom acoustic profile including the projected position of the studied sediment core GeoB19508. The location of the seismic section is
indicated in Fig. 2. The crossing with Fig. 7 is also indicated. b) Photography, facies distribution, lithological description, control age points, grain size statistical
parameters (mean, sorting, skewness and kurtosis), and carbonate content of sediment core GeoB19508, characterizing the distal termination of an incised valley.
The position of the sediment core is indicated in Fig. 2 and 3.

extensive and can be identified along the entire shelf. Considering the (e.g., Allen and Posamentier, 1991, 1994; Li et al., 2002; Gutierrez

recognition of two main incisions in the different paleovalleys of the et al.,, 2003; Weber et al., 2004a, b). If the inner shelf system is

inner shelf, two major hypotheses can be proposed: regarded as simple, the older incision phase IP 2 would be related to

the prolonged sea-level fall that culminated in the LGM, whereas the

(a) The paleovalley system is simple, related to a single phase of sea- whole valley fill would comprise a single depositional sequence
level fall, and contains a single depositional sequence (Fig. 10b). deposited after the LGM (Fig. 10b).

Equivalent simple incised valleys have been documented elsewhere

11
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Fig. 10. Synthetic seismic and sequence stratigraphic interpretation for the northern Gulf of Cadiz. a) Late Quaternary sequences and sequence stratigraphic surfaces
on the northern Gulf of Cadiz continental margin, from the middle slope to shelf (taken from Mestdagh et al., 2019), and the last 430 ka BP sea-level curve. Marine
Isotopic Stages (MIS) 2-11 are highlighted. Colors are according to the proposed hypothesis in this work: post-channel fill deposits: blue; MIS 2-LGM: yellow; MIS 6:
orange. b) Schematic model and cross section showing the proposed model for a simple valley framed in the last glacial cycle. ¢) Schematic model and cross section
showing the proposed model for a compound valley framed during the two last glacial cycles.

(b) The paleovalley system is a compound feature, which corre-
sponds to multiple, superimposed cycles of incision and deposition
(e.g., Thomas and Anderson, 1994; Foyle and Oertel, 1997; Proust
et al., 2001; Tesson et al., 2005). The interpretation of inner shelf
system as compound paleovalleys is based in the assumption that
incision phases IP 1 and 2 would be related to two different sea-level

12

falls culminating in two different lowstands (e.g., MIS 2 and MIS 6;
Fig. 10c).

The distinction between simple and compound valleys is not
straightforward in some cases, and many valleys that were initially
interpreted as simple were later reinterpreted as compounds, such as the
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cases of the Ria of Vigo, Spain (Martinez-Carreno and Garcia-Gil, 2017),
or the Mobile Bay, USA (Greene et al., 2007). Nevertheless, considering
the available data, we support the hypotheses of a simple incised-valley
model for the inner-shelf system, due to: (a) small incised valley systems
tend to form simple architectures and repeated incisions are not favored
(Ashley and Sheridan, 1994); in such small valleys, the subaerial expo-
sure and subsequent erosion of the shelf during the LGM would impede
the preservation of previous incised features; as analog examples, many
incised valleys from the Bay of Biscay, with dimensions comparable to
the valleys under scrutiny, are regarded as simple features (e.g., Allen
et al., 1970; Allen and Truilhe, 1987; Allen and Posamentier, 1992;
Chaumillon et al., 2008); also, small Mediterranean valleys are also
interpreted as simple features (Ronchi et al., 2018; De Falco et al., 2015,
2022); (b) the occurrence of two distinct types of seismic facies within
the sedimentary infilling of those inner valleys (Figs. 3-8, 10 b and ¢) is
more compatible with a continuous, simple infilling scenario; (c) the
second incision phase is distinctively different from the first one, being
less pronounced and strongly asymmetrical in many sections, which is
not in agreement with its interpretation as a renewed phase of fluvial
erosion.

Assuming the interpretation of a simple valley system, the subse-
quent infill should have a postglacial age. Considering the proximal
location of the paleovalleys, and the fact that the sheet-like reflective
unit has been dated between 9880 and 10248 cal yr BP in a distal po-
sition off the termination of the paleovalleys, we may infer that at least
the second phase of valley infilling and overlying deposits should be
Holocene in age, whereas the older estuarine infilling could be pre-
Holocene.

5.2. Interpretation of stratigraphic architectures of incised valleys

Most of the paleovalleys identified in the study area exhibit a similar
stratigraphic organization, suggesting the common repetition of similar
depositional and erosional systems in the different paleovalleys. As
explained above, the basal surface of the paleovalleys (IP 2) is inter-
preted as a fluvial incision associated to a widespread erosional surface,
documenting the seaward prolongation of fluvial systems such as the
Gilao and Almargem rivers during periods of shelf exposure associated
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with sea-level lowstands. Equivalent Late Pleistocene fluvial incisions
have been documented in numerous inner shelf settings adjacent to
minor fluvial networks (e.g., Green, 2009; Green et al., 2013; Ronchi
et al., 2018; De Falco et al., 2022).

The lower unit (ISU 2) is characterized by a lack of chaotic facies at
the base of the infilling and the dominance of low-to-medium amplitude
sub-parallel seismic configurations (Figs. 4 and 5). Similar seismic facies
have been interpreted in numerous incised valleys of the Bay of Biscay
and the Celtic Sea as estuarine mud and sand alternations mainly
composing bay-fill deposits (Reynaud et al., 1999; Weber et al., 2004a;
Chaumillon et al., 2008), constituting aggradational phases during pe-
riods of sea-level rise (Lericolais et al., 2003). Accordingly, we interpret
that the lower unit’s facies in the study area may indicate low-energy
environments dominated by fine-grained deposits (Fig. 11), pointing
to the establishment of estuarine sedimentation during rising sea-level
conditions (Figs. 4 and 5). In the main inner-shelf paleovalley, lower
sub-parallel facies, ISU 2, are replaced upward by chaotic facies with
very irregular boundaries (Figs. 4 and 5). Equivalent erosional, chan-
nelized surfaces have been interpreted in the paleo-Etel River as tidal
ravinements (Estournes et al., 2012); similarly, we interpret the chaotic
facies as tidal estuarine bars modified by tidal ravinement surfaces
(Fig. 11). Strong tidal ravinement could also have limited or erased
lowstand deposition (Fénies and Lericolais, 2005).

The asymmetric character and lower dimensions of the second phase
of incision (IP 1) in many of the incised valleys (Figs. 4-8) is commonly
related in the literature with the development of tidal inlets (Ashley and
Sheridan, 1994; Dalrymple, 2006; Mattheus and Rodriguez, 2011) or as
tidal-related features such as tidal channels (Tessier, 2012) or tidal
scours (Graves et al., 2021). The upper unit shows chaotic seismic fab-
rics with some lateral migration facies (Figs. 4 and 5). The chaotic facies
would indicate a change in the depositional environment, as they are
typically related with higher-energy environments dominated by
coarser sedimentation. Similar infillings could indicate laterally
migrating tidal inlet fill deposits (Lericolais et al., 2001) which could be
constituted by flood tidal delta deposition (Reynaud et al., 1999).
Accordingly, we interpret the transition from moderate amplitude and
continuity reflections to chaotic facies as the result of a change in the
sedimentary environment during ensuing transgressive conditions, with

Open-marine
sedimentation

{ Estuarine-mouth—_
massive sands

-

—_— =
R
S e
e Estuarine —
__fine-grained deposits -
e

E ISU 2: Estuarine infilling

]

ISU 1: Development of tidal inlets
or tidal-related features

‘ Reflective sheet-like Unit: Paleobarrier

=

Uppermost unit: Holocene open-marine
sedimentation

Fig. 11. Idealized stratigraphic model for the incised valleys recognized on the inner shelf of the study area, relating the seismic surfaces and units with their

geological interpretation.
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deposition of estuarine-mouth massive sands, as documented in other
paleovalley systems (Fig. 11; Weber et al., 2004a; Proust et al., 2010;
Estournes et al., 2012; Green et al., 2013).

The sheet-like reflective unit may consist of different depositional
systems. In the distal termination of the paleovalleys, the occurrence of
mounded morphologies at the top of the unit (Fig. 9a) and the strong
reflectivity are indicative of submerged coarse-grained paleobarriers,
likely extending orthogonal to the trace of the paleovalleys (Fig. 11).
Equivalent deposits interpreted as distal barrier-island deposits have
been documented during the postglacial evolution of several incised
valleys (e.g., Maselli and Trincardi, 2013; Ronchi et al., 2018; De Falco
et al., 2022). Sedimentological information supports that interpretation,
as the sediment core penetrates the sheet-like reflective unit. The
occurrence of cemented intervals (facies Sc) in the lower part of the
sediment core (intervals 1 and 2; Fig. 9b) would indicate subaerial
sediment exposure. The next interval (interval 3; Fig. 9b) dominated by
sandy gravels (facies G) would indicate an increase in environmental
energy, possibly related with the formation of the barrier. In more
proximal locations, landward-directed progradations locally observed
within the reflective unit could be related to depositional systems
related to the paleobarriers, such as tidal deltas (e.g., Estournes et al.,
2012). Besides, locally the reflective unit exhibits a vertical stacking of
tabular deposits, suggesting the landward translation of the system and
the generation of a shallower barrier. As those upper deposits are not
confined to the valleys, but they extend beyond the banks, their
boundaries should be interpreted as wave ravinement surfaces, as
documented in some inner-shelf incised valleys in the Bay of Biscay
(Chaumillon et al., 2008; Estournes et al., 2012). The uppermost
transparent drape observed over the entire study area is interpreted as
shelfal, open-marine sedimentation, developed during the Holocene
highstand, as documented previously on the Gulf of Cadiz shelf (Fig. 11;
Lobo et al., 2004; Hanebuth et al., 2021).

5.3. Driving factors of the paleo-inner-shelf incised valley system

Assuming the above-mentioned preferred genetic scenario for the
inner-shelf incised valley system (i.e., simple valley system hypothesis),
its subsequent evolution was conditioned by the postglacial sea-level
rise; therefore, we interpret that most of the infilling is transgressive
in origin. In addition, driving factors such as amount and nature of
sediment supply, geological heritage and changing oceanographic re-
gimes should also be considered, as evidenced in other incised valleys
(Ashley and Sheridan, 1994; Nordfjord et al., 2005, 2006; Liu et al.,
2010; Thanh et al., 2018; Qiu et al., 2019).

5.3.1. Postglacial sea-level changes

The role of rapid postglacial sea-level changes is difficult to evaluate
in the studied starved valleys, due to the poor development of trans-
gressive parasequences. In higher supplied incised valleys, postglacial
deposits typically exhibit a backstepping pattern. This is the case of the
nearby shelf off the Guadiana River, where several postglacial trans-
gressive parasequences have been documented (Carrion-Torrente et al.,
2022); their development has been related to periods of reduced
sea-level rise between the final phase of meltwater pulse 1A and the
Younger Dryas (13.8-11.2 ka), and to periods of high rates of sea-level
rise triggered by meltwater pulse 1B during 11.5-8.8 ka.

In other incised valley infillings, coastal barriers have also been
formed under different conditions of sea-level rise, either during rapid
flooding usually in connection with meltwater pulses (Maselli and
Trincardi, 2013; De Falco et al., 2022) or during temporary de-
celerations of the sea-level rise (Ronchi et al., 2018). In the study area,
the ages obtained for the distal barrier unit (i.e., around 10 ka) place its
formation during a phase of sustained high rates of sea-level rise (i.e.,
130-150 cm/century at around 9.5 ka) after meltwater pulse 1B
(Stanford et al., 2011). Landward of the distal barrier, the distribution of
the reflective sheet-like unit extending laterally beyond the confines of
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the paleovalleys is compatible with a more recent generation of barriers,
in fact with limited thickness. Barrier genetic environmental conditions
would involve a very rapid transgressive inundation of the paleovalleys,
conditioned by the fast sea-level rise after meltwater pulse 1B and the
low gradients of the paleo-inner shelf. These conditions, together with
scarce fluvial supplies, would account for the limited development of the
barriers.

5.3.2. Low sediment supplies

As the relative amounts of fluvial versus estuarine facies seem to be
controlled by the rate of sediment supply (Dalrymple et al., 1994), we
infer that the lack of representation of fluvial deposits in the inner
paleovalleys is a result of low sediment supply related to the low di-
mensions of the associated fluvial catchments. The relatively low di-
mensions of the inner valleys also suggest that this system is scaled with
the size of the drainage basin; this inference suggests the influence of
upstream controls such as water discharge (Mattheus and Rodriguez,
2011; Wang et al., 2019). The dominance of postglacial transgressive
deposition in most of the infilling of the inner channels is also compat-
ible with general observations in incised valleys, which argue that
lowstand deposition is not favored in small incised valleys (Wang et al.,
2020).

The stratigraphic complexity and deposit thickness of the inner
paleovalleys in the study area contrast with the paleo-Guadiana incised
valley, as explained above; there, coetaneous transgressive intervals
appear well-developed showing a set of backstepping parasequences
(Lobo et al., 2001, 2005; Carrion-Torrente et al., 2022).

5.3.3. Role of antecedent geology

The absence of related tectonic features together with the minor size
of the incisions suggests that the development of paleovalley incisions
characterized along the inner shelf off the Gilao-Almargem Estuary was
also controlled by antecedent morphology and lithology, which are
considered second-order controlling factors, as they influence hydro-
dynamics and sediment supply in incised valleys (Chaumillon et al.,
2010). Our limited data indicate that the identified valleys are narrow
and display short cross-shelf extension (Fig. 3; 6-7 km off the present
shoreline), indicating limited distal incision; in addition, the trace of the
main fluvial valley, which can be considered the seaward extension of
the Gilao River as it occurs exactly offshore of the present-day tidal inlet,
also disappears in short distances.

Two factors involving antecedent geology and topography may
explain the observed distribution of inner-shelf paleovalleys. The first
one is the nature of the underlying substratum on the paleo-inner shelf,
characterized by widespread highly reflective facies which are sugges-
tive of a coarse-grained sediment composition. This facies could likely
represent indurated paleo-barriers, ancient counterparts of the barriers
related with the transgressive evolution of the system. This interpreta-
tion agrees with reported evidence provided close to the study area,
where the distal termination of the main paleovalley of the Guadiana
River is also dictated by the occurrence of a coarse-grained inner shelf
comprising lithified coastal deposits (Lobo et al., 2018). Therefore, we
invoke for the existence of a similar inner-outer shelf distinction along
the study area; the paleo-inner shelf would be mainly covered by lithi-
fied, indurated deposits, precluding the development of wide fluvial
valleys. Seaward of the indurated paleo-inner shelf, finer-grained sedi-
ments would be more susceptible to widespread erosion, and the traces
of the valleys would be more easily removed. Such control of back-
ground geology on the postglacial development of inner incised valley
system would be equivalent to the constraints reported in other inner
valleys. For example, the course of the Tirso Incised Valley along the
Western Sardinia shelf was limited by a barrier system formed at ~9 ka
(De Falco et al., 2022).

Another significant topographic feature observed in the study area is
a well-marked break of slope on the paleo-inner shelf, delimiting a distal
area with higher steepness (>1°). The formation of the break of slope
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could be tentatively related to tectonic pulses reported in the northern
shelf of the Gulf of Cadiz during the late Quaternary and involving
tectonic uplift and enhanced margin progradation (Mestdagh et al.,
2019). It has been reported that changes in shelf gradients play a role on
initiation and/or enhancement of fluvial incision on the shelf (Klotsko
et al.,, 2021). As most of the incised paleovalleys are limited to the
landward, gentler paleo-inner shelf, we propose that the break of slope
conditioned the development of the paleovalleys, as they could have
been initiated or the incision enhanced when sea level dropped below
the feature.

5.3.4. Hydrodynamic regime

In incised valleys, the sedimentation depends on the balance be-
tween sediment availability and the potential of hydrodynamics (i.e.,
waves, tidal currents) to rework the sediments (Tessier, 2012). As we
have previously discussed, the potential fluvial inputs for this area are
low, attending to the small dimension of the catchment area and the low
river sizes. In this context, we need to point out the importance of hy-
drodynamic as a key mechanism for the development and preservation
of this system. As described in other sediment starved margins, such as
in the northern and eastern Bay of Biscay, the development of incised
valleys system during transgression is driven by two successive pro-
cesses of sediment reworking: (1) tidal ravinement, when the valley
became an estuary and (2) wave ravinement, when the estuary was
drowned (Chaumillon et al., 2008).

The paleogeograhic configuration established in the study area during
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the postglacial transgression could be analogous to the present-day coastal
pattern in the Ria Formosa Barrier Island System, characterized by a sys-
tem of barriers interrupted by tidal inlets, and enclosing landward a sys-
tem of tidal channels (e.g., Andrade, 1990; Pacheco et al., 2010) (Fig. 12).
We propose that wave influence led the generation of barrier systems
under an active littoral drift, similarly to the present-day where the net
component of sediment transport is directed eastward (e.g., Morales,
1997; Gonzalez et al., 2001). Landward of the barrier, the observed pat-
terns indicate enhanced tidal currents characteristic of small valleys,
where the migration of the tidal inlet results in the creation of a tidal
ravinement (Ashley and Sheridan, 1994). The recognition of paleotidal
inlets/channels in several channels would agree with a major reoccupa-
tion of previous incised valleys by tidal channels (Fig. 12). Despite of low
sediment inputs, the occurrence of sands within the valleys implies the
activity of hydrodynamic processes such as tidal currents that have been
effective transporting coarse-grained sediments and have led to a valley
fill dominated by tidal related deposits (Fig. 12), such as estuarine tidal
bars observed in the older phase of valley infilling, estuarine-mouth sand
plough in the younger phase of valley infilling, and local tidal deltas/tidal
mouth deposits associated to the barriers. Equivalent tidal deposits have
been reported in other valley infillings (Fénies and Lericolais, 2005;
Chaumillon et al., 2008). Those observations would indicate that the
postglacial evolution of the inner system seems to have been influenced by
both tidal- and wave-dominated processes, as at least local tidal influence
extends landward of the tidal inlets (Tessier, 2012). Therefore, this system
can be considered as mixed sensu Dalrymple et al. (1992) and Chaumillon

— Present-day

coastline

~10,000 yr before present

Fig. 12. Proposed paleogeographic reconstruction of the study area at ~10 ka BP where multiple sandy islands are interrupted by numerous tidal inlets in several
channels showing a coastal pattern which is similar to that of the present-day Ria Formosa Barrier Island System. The position of seismic lines and the studied
sediment core are indicated and the red lines correspond with the width of IP 1 along the different incised valleys.

15



A. Carrién-Torrente et al.

et al. (2010).
6. Conclusions

Seismic stratigraphic evidence correlated with age-constraint
regional stratigraphic horizons and limited recent sediment data have
revealed the existence of a network of incised valleys off the Gilao-
Almargem Estuary, a small fluvial drainage system in the eastern
Algarve shelf, northern margin of the Gulf of Cadiz. The occurrence of
such sediment routing system mostly limited to the paleo-inner shelf
likely reveals the operation of distinct driving factors modulating the
primary glacio-eustatic factor, usually considered as the primary control
on incised-valley development, and enabling the formation of abundant
incised valleys in a currently low supply setting.

The dendritic inner-shelf valley network shows no signs of tectonic
control. A number of stratigraphic evidences drive us to interpret the
inner-shelf paleovalleys as a simple system formed during the last glacial
cycle; fluvial incision is likely to have been occurred during falling sea
levels leading into the Last Glacial Maximum, whereas the incised valley
infill took place during the postglacial transgression. The stratigraphic
architecture reveals the frequent occurrence of coarse-grained sediment
bodies like estuarine bars, estuary-mouth sand plough and coastal bar-
riers, and a second phase of incision interpreted as tidal inlets/channels.
Its inner location strongly suggests that at least the recent phase of
infilling is Holocene in age.

The formation of the inner shelf paleovalleys was strongly deter-
mined by background geology, where the occurrence of a flat, lithified
paleo-inner shelf bounded seaward by a break of slope conditioned the
formation of small-sized incised valleys. Subsequently, the infilling of
the valleys took place under a context of high rates of sea-level rise and
limited fluvial supply at the start of the Holocene. The paleogeographic
configuration during this final phase of the postglacial transgression
likely involved the development of a dendritic system, with numerous
barriers interrupted by tidal inlets or scours in a mixed estuarine system.
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