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The postglacial sea-level rise after the Last Glacial Maximum provided ideal conditions
to study the transgressive sedimentary response to sudden shelf flooding driven by
different rates of sea-level rise. In this study, a high-resolution seismic stratigraphic
interpretation and sedimentological analysis were conducted on data from the northern
Gulf of Cadiz continental shelf (SW Iberian Peninsula), in order to: (1) understand the
succession of sedimentary processes during each shelf flooding episode; (2) explore
the significance of variable rates of sea-level rise, sediment fluxes and climatic
conditions on the development of postglacial deposits.

Four backstepping seismic postglacial transgressive units (PTUs; 4 to 1 from oldest to
youngest) that are linked to the retreating mouth of the Guadiana River were
interpreted. Together, these seismic units display a wedge-shape geometry, are
located over the inner to middle shelf, and overlie a regional unconformity formed
during the Last Glacial Maximum. Each PTU can be divided into several sub-units with
distinctive seismic facies that have a similar stratigraphic organization. Each PTU
contains lower sub-units that are composed of low-angle tangential oblique clinoforms.
The clinoforms are locally topped by a channelized sub-unit. The distal and/or lateral
parts of the clinoforms are occasionally buried by sheet-like semi-transparent subunits.
The uppermost sub-units are present over the proximal and central parts of each
seismic unit and are also sheet-like. PTU’s can also be subdivided and described
sedimentologically. Fine-grained sands with intercalated silty layers dominate the lower
part of each PTU (lower clinoform sub-units). The upper part of each PTU (upper
sheet-like sub-units) is characterised by reworked facies, composed of highly
fragmented bioclasts within a mixture of silt and coarse to medium sand. Finally, mud
deposits occur as a sediment drape over the PTUs.

The internal structure of each PTU reveals several phases of development under a
general process of transgressive submergence in which both coastal and marine
deposits were formed and eventually preserved. The initial phase involved the
development of coarse-grained deltas in shallow water, which were locally eroded by a
network of distributary channels. In a transitional phase, the infilling of distributary
channels and the offshore export of fine-grained sediments is related to a change in
sediment sources, possibly triggered by enhanced hydrodynamic processes. The final
phase involved the reworking of fluvio-deltaic sediments by shoreface processes to

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



generate a sediment sheet. Age correlation with a suite of postglacial sea-level curves
indicates that the formation of the postglacial transgressive deposits is bracketed
between 14 ka and 9 ka. The studied deposits were related to a period of reduced sea-
level rise, culminating in the Younger Dryas event (two oldest PTUs), and to phases of
enhanced sea-level rise, such as Meltwater Pulse (MWP) 1B (two youngest PTUs). In
spite of high rates of sea-level rise over MWP-1B, each PTU exhibits progradation and
preservation of much of the delta. The preservation of progradational deltaic units is
likely caused by increased sediment supply during progradational pulses. We suggest
that those pulses of enhanced sediment fluxes during MWP-1B were strongly driven by
the overall climatic conditions in the southwest of the Iberian Peninsula, probably
resulting from enhanced rainfall runoff during humid periods and scarce land
vegetation cover.
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ABSTRACT : The postglacial sea-level rise after the Last Glacial Maximum provided ideal
conditions to study the transgressive sedimentary response to sudden shelf flooding
driven by different rates of sea-level rise. In this study, a high-resolution seismic
stratigraphic interpretation and sedimentological analysis were conducted on data from
the northern Gulf of Cadiz continental shelf (SW lberian Peninsula), in order to: 1)
understand the succession of sedimentary processes during each shelf flooding episode
and 2) explore the significance of variable rates of sea-level rise, sediment fluxes, and
climatic conditions on the development of postglacial deposits.

Four backstepping seismic postglacial transgressive units (PTUs; 4 to 1 from oldest to
youngest) that are linked to the retreating mouth of the Guadiana River were interpreted.
Together, these seismic units display a wedge-shape geometry, are located over the inner
to middle shelf, and overlie a regional unconformity formed during the Last Glacial
Maximum. Each PTU can be divided into several sub-units with distinctive seismic facies
that have a similar stratigraphic organization. Each PTU contains lower sub-units that are
composed of low-angle tangential-oblique clinoforms. The clinoforms are locally topped
by a channelized sub-unit. The distal and/or lateral parts of the clinoforms are
occasionally buried by sheet-like semitransparent subunits. The uppermost sub-units are
present over the proximal and central parts of each seismic unit and are also sheet-like.
PTUs can also be subdivided and described sedimentologically. Fine-grained sands with
intercalated silty layers dominate the lower part of each PTU (lower clinoform sub-units).
The upper part of each PTU (upper sheet-like sub-units) is characterized by reworked
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facies, composed of highly fragmented bioclasts within a mixture of silt and coarse to
medium sand. Finally, mud deposits occur as a sediment drape over the PTUs.

The internal structure of each PTU reveals several phases of development under a
general process of transgressive submergence in which both coastal and marine deposits
were formed and eventually preserved. The initial phase involved the development of
coarse-grained deltas in shallow water, which were locally eroded by a network of
distributary channels. In a transitional phase, the infilling of distributary channels and the
offshore export of fine-grained sediments is related to a change in sediment sources,
possibly triggered by enhanced hydrodynamic processes. The final phase involved the
reworking of fluvio-deltaic sediments by shoreface processes to generate a sediment
sheet. Age correlation with a suite of postglacial sea-level curves indicates that the
formation of the postglacial transgressive deposits is bracketed between 14 ka and 9 ka.
The studied deposits are related to a period of reduced sea-level rise, culminating in the
Younger Dryas event (two oldest PTUs), and to phases of enhanced sea-level rise, such
as Meltwater Pulse (MWP) 1B (two youngest PTUSs). In spite of high rates of sea-level
rise over MWP-1B, each PTU exhibits progradation and preservation of much of the
delta. The preservation of progradational deltaic units is likely caused by increased
sediment supply during progradational pulses. We suggest that those pulses of enhanced
sediment fluxes during MWP-1B were strongly driven by the overall climatic conditions
in the southwest of the Iberian Peninsula, probably resulting from enhanced rainfall
runoff during humid periods and scarce land vegetation cover.

INTRODUCTION

The sedimentary record of transgressive shorelines exhibits high variability due to the
influence of various controlling factors, such as the amount and type of sediment supply,
the hydrodynamic regime, the antecedent topography, and the rate of sea-level rise (Swift
1968; Nummedal and Swift 1987; Cattaneo and Steel 2003). These deposits have been
identified at various spatial and temporal scales. Ancient transgressive successions are
well studied in sand-dominated outcrops of limited lateral extent that provide good local
documentation of key surfaces (e.g., Bergman and Snedden 1999; Cattaneo and Steel
2003; Kieft et al. 2011; Phillips et al. 2020). Research on transgressive deposits that
developed during the last sea-level cycle is aided by the detailed knowledge of the glacio-
eustatic sea-level pattern and paleoceanographic conditions. Postglacial transgressive
deposits exhibit significant variability and can be dated at a higher resolution (e.g.,
Labaune et al. 2005, 2008; Nordfjord et al. 2009; Li et al. 2014; Klotsko et al. 2015;
Pretorius et al. 2019), constraining the stratigraphic setting and correlating different
accumulation rates in a basin (e.g., Gensous and Tesson 2003; Maselli et al. 2011;
Engelbrecht et al. 2020; Dyer et al. 2021). In addition, high-resolution seismic data allow
extensive mapping of key surfaces, dated with scattered sediment cores (Cattaneo and
Steel 2003).

The balance between sediment supply and the intensity of ravinement in the shallow-
water environment determines the depositional and erosional character of transgressions
(Swift 1968). In addition, the relationship between the pattern of sea-level change and the
gradient of the pre-existing topography dictates if transgressions may operate
continuously due to the retreat of the shoreface or are instead punctuated by periods of



sediment accretion alternating with the drowning of coastal deposits (Cattaneo and Steel
2003). In the Gulf of Cadiz shelf, previous studies described a succession of backstepping
deposits attributed to the post-Last Glacial Maximum (LGM) transgressive interval (Lobo
et al. 2001; Gonzalez et al. 2004). Indeed, the study area in the Gulf of Cadiz shelf is an
ideal location to evaluate the interplay between sediment supply and sea-level change. On
one hand, the post-LGM sea-level rise provides exceptional conditions to study the
sedimentary response to sudden shelf flooding due to the alternation of periods with
different rates of sea-level rise. On the other hand, environmental conditions in the Gulf
of Cadiz are characterized by locally high fluvial supplies combined with an
oceanographic regime of moderate energy, representing a situation intermediate between
low-energy delta-forming environments and high-energy ravinement-forming
environments.

This study benefits from a substantial amount of additional data, including a very
dense grid of high-resolution seismic data collected from different sources and sediment
core samples in the continental shelf offshore of the Guadiana River. We aim to: 1)
understand the variability and succession of sedimentary processes and systems during
each shelf flooding episode under the light of existing models for transgressive
development (i.e., in-place drowning, transgressive submergence, or erosional shoreface
retreat) and 2) explain the differential development of postglacial deposits in response to
different rates of sea-level rise, postglacial climatic variability, and sediment fluxes.
CONTEXT
Models of Development of Transgressive Deposit

Several models of transgressive deposit development have been proposed: 1) in-place
drowning, 2) erosional shoreface retreat, and 3) transgressive submergence. In-place
drowning involves the formation of coastal deposits followed by rapid flooding. The
result of rapid flooding is the preservation of original deposits, and the amount of
reworking is limited (Sanders and Kumar 1975; Rampino and Sanders 1980). This
process is typical of low-gradient settings during intervals of accelerated relative sea-
level rise (Cattaneo and Steel 2003). Erosional shoreface retreat describes widespread
erosion as the shoreface moves landward, with a continuous, slow sea-level rise. In such
cases, the preservation of coastal deposits is low, and the transgressive record is
composed mainly of reworked deposits (Fisher 1961; Bruun 1962; Swift 1968, 1975,
1976; Kraft 1971). Transgressive submergence defines an intermediate situation with a
lower phase of coastal deposition and an upper phase of marine reworking. This takes
place during high rates of relative sea-level rise, and is common for low-gradient
continental shelves with limited local sand sources in a high-energy, storm-dominated
environment (Penland et al. 1988).

The Significance and Pattern of the Postglacial Transgression

The last glacial cycle contains an unusual record of high-frequency, high-amplitude
sea-level oscillations driven by glacio-eustasy (e.g., Lambeck and Chappell 2001; Grant
et al. 2012). In this cycle, the postglacial sea-level rise occurred after the LGM, dated
globally from 26 to 19 ka (Clark et al. 2009). The rise in global mean sea level started at
~ 20 ka when the sea level was located ~ 120 m below the present level (Fig. 1; e.g.,
Fairbanks 1989; Bard et al. 1990, 1996; Lambeck et al. 2002; Siddall et al. 2003; Peltier



and Fairbanks 2006). This sea-level rise looks heterogeneous, where different stages
related to major climate events have been identified (Fig. 1; e.g., Bard et al. 1990, 1996,
2010; Stanley 1995; Stanford et al. 2011; Lambeck et al. 2014; Peltier et al. 2015;
Harrison et al. 2019).

An initial phase of ~ 10-15 m sea-level rise occurred between ~ 21-20 and 18 ka
(Fig. 1; Harrison et al. 2019) followed by a short period of near-constant sea level from ~
18-16.5 ka, which corresponds with the occurrence of Heinrich Event 1 (H1) (Fig. 1;
Carlson and Clark 2012; Lambeck et al. 2014). Subsequently, the major phase of
deglaciation occurred from ~ 16.5-8.2 ka, with an average rate of sea-level rise of 12
m/ka (Lambeck et al. 2014). In this interval, several phases driven by the occurrence of
meltwater pulses (MWPs) have been identified (e.g., Fairbanks 1989; Stanford et al.
2011; Lambeck et al. 2014). MWPs were global events involving the rapid introduction
of meltwater into the ocean from ice-proximal environments as ice sheets decayed
(Carlson and Clark 2012; Harrison et al. 2019).

The major phase of deglaciation (16.5-8.2 ka) was initiated by an ~ 25 m rise from ~
16.5-15 ka (Fig. 1; Stanford et al. 2011), which was followed by a nearly constant period
of sea-level stability ~ 500-600 yrs long. A period of high rate of sea-level rise (MWP-
1A) started at ~ 14.5 ka, coinciding with the onset of the Bolling—Allered (B-A) warm
period (Fig. 1; Bard et al. 1990; Carlson and Clark 2012). The MWP-1A was
characterized by an initial ~ 20 m sea-level rise with rates up to ~ 40 mm/y over ~ 500
600 yrs followed by another 20 m sea-level rise during 14-12.5 ka (Bard et al. 1996;
Lambeck et al. 2014). MWP-1A was followed by an interval from ~ 12.5-11.5 ka of
significantly reduced rates of sea-level rise, coeval to the Younger Dryas stadial (YD) in
the Northern Hemisphere (Fig. 1; Bard et al. 2010). The last interval of this major phase
of deglaciation (~ 11.5-8.8 ka) was driven by MWP-1B (Bard et al. 2010), marked by a
rapid 500 yr long sea-level rise with a rate of ~ 16.5 mm/y (Fig. 1; Harrison et al. 2019).
Other periods of accelerated sea-level rise (MWPs-1C and 1D) postdating MWP-1B and
separated by periods of slow sea-level rise have been described in sea-level curves with a
well-marked stepped pattern (e.g., Liu et al. 2004). However, the sea-level imprint of
these more recent MWPs is not recorded in well-known global sea-level curves (Fig. 1;
e.g., Lambeck et al. 2014). The early Holocene was characterized by a nearly uniform
global rise with an average rate of ~ 15 m/ka; this phase was marked by a cooling event
at 8.2 ka (Fig. 1; Stanford et al. 2011; Carlson and Clark 2012). Finally, a reduced rate of
sea-level rise after 8.2 ka has been reported in a number of settings (e.g., Fairbanks 1989;
Lambeck et al. 2014).

The Sedimentary Record of the Postglacial Transgression

The greatest abundance, distribution, and thickness of postglacial deposits (Fig. 2)
occur in deposition-dominated continental shelves, such as the Gulf of Lions (Fig. 2A;
Gensous and Tesson 2003) or the Adriatic Sea (Fig. 2B; Maselli et al. 2011) in the
Mediterranean Sea. Deposition-dominated shelves are characterized by high rates of
sediment supply provided by large rivers, such as the Rhéne (Labaune et al. 2008) or the
Po rivers (Trincardi et al. 1996). These conditions are combined with gentle topography,
which results in reduced reworking, and favors sedimentary preservation (Belknap and
Kraft 1985).



Lower transgressive development occurs in settings characterized by decreased
sediment supplies and/or higher-energy oceanographic regimes. For example, stretches of
the Californian shelves contain a reduced amount of transgressive depositional bodies
than the Mediterranean cases, possibly because of lower sediment inputs (Fig. 2C;
Klotsko et al. 2015). In the East China Sea, the postglacial transgressive architecture is
strongly influenced by the tide-dominated hydrodynamic regime, leading to the
development of tidal sand ridges (Fig. 2D; Li et al. 2014). In the Durban shelf, eastern
South Africa, the increased role of currents and waves may cause the preferential
development of barrier and backbarrier deposits due to increased sediment redistribution
(Fig. 2E; Pretorius et al. 2016, 2019).

In erosion-dominated shelves such as the continental shelf, offshore New Jersey (Fig.
2F; Nordfjord et al. 2009), transgressive ravinement plays a major role in forming
recognizable surfaces. Due to the continuous dominance of erosional processes, even
during relative deep-water conditions, transgressive strata exhibit a low preservation
potential (Goff et al. 2005; Nordfjord et al. 2009).

ENVIRONMENTAL SETTING

The study area is located on the northern Gulf of Cadiz continental margin,
southwestern Iberian Peninsula (Fig. 3). This area comprises three well-defined
physiographic domains: the continental shelf, the continental slope, and the abyssal plain
(Hernandez-Molina et al. 2006; Mestdagh et al. 2019). This study focuses on the
transgressive deposits located on the continental shelf offshore of the Guadiana River
mouth, between the narrow and relatively steep Portuguese shelf and the wider shelf on
the Spanish side of the Gulf of Cadiz (Fig. 3A).

Physiography and Surface Sediments of the Shelf off the Guadiana River

The shelf offshore of the Guadiana River has a relatively flat morphology with an
average gradient of 0.32°, in contrast to the steeper Portuguese shelf, where the average
gradient is 0.5°. Shelf width increases from 20—25 km at the mouth of the Guadiana River
to more than 30 km to the southeast (Lobo et al. 2001; Hernandez-Molina et al. 2006).
The shelf break occurs between 140 to 150 m water depth (Fig. 3B; Baldy 1977; Vanney
and Mougenot 1981).

The continental shelf can be subdivided into three domains (inner, middle, and outer)
according to the range of water depth and sediment cover (Fig. 3C; Nelson et al. 1999,
Lobo et al. 2000, 2018; Maldonado et al. 2003; Gonzalez et al. 2004;). The inner shelf is
covered by sandy deposits down to 25 m water depth. Proximal sandy facies are laterally
bounded by scattered rocky outcrops and small muddy patches, distributed in a coast-
parallel fashion (Fig. 3C; Rey and Medialdea 1989; Fernandez-Salas et al. 1999). The
middle shelf is located between 30 and 100 m water depth. This area is characterized by
an extensive mud belt, crosscut from north to south by a sandy zone composed of
muddy—gravelly sands and muddy sands, which correspond with a succession of
nearshore to shallow-water sediment wedges comprising the deposits studied in this work
(Fig. 3C; Gonzalez et al. 2004). The outer shelf is located below 100 m water depth. This
domain exhibits mainly fine-grained deposits, such as sandy and silty clays, which are
locally interrupted by coarser-grained patches of sand and gravelly sand (Fig. 3C; Nelson
et al. 1999; Gonzalez et al. 2004).



Oceanographic Setting

The tidal regime is mesotidal (mean tidal range of 2.20 m) and semidiurnal along
most of the northern part of the Gulf of Cadiz. The wave energy is moderate, with
dominant waves approaching mainly from the W and SW (71% of occurrences). These
have an average wave height of about 1 m and generate a longshore current towards the
east (Del Rio et al. 2012). 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).
Southwestern storms are more energetic and frequent than southeastern storms (Costa et
al. 2001). Measurements of the depth of closure, i.e., the depth below which limited
sediment transport due to wave action is expected to occur (Nicholls et al. 1998), on the
Algarve coast provide disturbance depths up to 10 m during high-energy periods
(Dolbeth et al. 2007). In other sectors of the Gulf of Cadiz, the influence of high-energy
events extends to the 15-30 m water depth interval, as inferred by bedform occurrence
(Gutiérrez-Mas et al. 2009).

The surface circulation in the northern Gulf of Cadiz is dominated by a branch of the
Portuguese—Canary eastern boundary current that moves toward the Strait of Gibraltar
(Atlantic Inflow Water, AIW; Fig. 3A). Landward, the shelf circulation between the Ria
Formosa barrier system and the Guadalquivir River is characterized by cyclonic
circulation (Garcia-Lafuente et al. 2006). Inner-shelf waters (< 30 m water depth) are
periodically affected by poleward coastal counter-currents (Garel et al. 2016). In contrast,
the outer shelf is swept by the Gulf of Cadiz Current, which transports eastern North
Atlantic Central Waters towards the southeast (Bellanco and Sanchez-Leal 2016).
Sediment Sources

Two main sources provide sediments to the Guadiana shelf: the Guadiana River and
littoral drift (Gonzalez et al. 2004). The Guadiana River discharge is characterized by
large intra-annual variability, with maximum levels during winter and extremely low
levels in summer. The average annual suspended load of the Guadiana River, between
1946 and 1990, was 57.90 x 10* m*/yr, and the average annual bed load for the same time
frame was 43.96 x 10* m®/yr (Morales 1997).

Littoral drift carries sediments from the southern Portuguese coast to the eastern part
of the Gulf of Cadiz. This results in a net eastward annual littoral drift between 10 x 10*
and 30 x 10* m® of mostly sandy sediments. Most of these sediments remain within the
inner shelf, except for the coarser fraction, which is trapped in the Guadiana estuarine
system (Gonzalez et al. 2001, 2004).

Postglacial Stratigraphy of the Gulf of Cadiz

The postglacial transgressive stratigraphy of the shelf was believed to be constituted
by four backstepping seismic units (named in this study as Postglacial Transgressive
Units, PTUs) (Lobo et al. 2001), which are exposed on the Guadiana shelf in the middle
shelf area (Fig. 3C). However, in this work we have identified an additional PTU,
summing to a total amount of five PTUs. PTUs occur seaward of a system of N-S
paleochannels located on the inner-middle shelf up to 75 m water depth, eroding older
Pleistocene units (Lobo et al. 2001, 2018; Gonzalez et al. 2004).

These PTUs overlie a regional unconformity formed during the LGM in the shelf
sector between the Guadiana and Guadalquivir rivers (Lobo et al. 2001). The PTUs are



dominated by a mixture of quartz, bioclasts, and terrigenous components in varying
proportions (Gonzalez et al. 2004). The oldest, PTU 5, is located on the outer shelf and
exhibits a rather widespread lateral distribution. In contrast, the younger, PTUs 4 to 1,
exhibit a more restricted distribution, confined to a sandy transgressive bathymetric high
on the middle shelf (Lobo et al. 2001; Gonzalez et al. 2004).

The Holocene highstand systems tract (HST) offshore of the Guadiana Estuary mouth
is composed of poorly developed subaqueous deltaic and prodeltaic muddy facies passing
seaward into a number of muddy depocenters (Lobo et al. 2004, 2005; Hanebuth et al.
2018).

MATERIAL AND METHODS

The present study is based on a combined seismic stratigraphic and sedimentological
analysis. In addition, eight radiocarbon (**C) accelerated mass spectrometry (AMS) age
dates provide chronostratigraphic constraints for placing the transgressive deposits in an
evolutionary context.

Material

High-Resolution Seismic Profiling.—The main dataset used for the seismic
interpretation is a set of high-resolution reflection seismic profiles acquired 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
(TOPAS), and sparker single-channel reflection seismic profiles. 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.

The grid of TOPAS sub-bottom seismic data consists of 1,450 km of across-shelf and
along-shelf profiles from 20 m water depth to around the shelf break (Fig. 3B). 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 and COMIC 2013 surveys and provided higher penetration. Sparker
profiles were collected for approximately 700 km in total, generally following or
paralleling the track of the TOPAS profiles (Fig. 3B). The acquisition was made with a
300 J seismic source and a 75-m-long SIG single-channel streamer; the data resolution in
the vertical domain is 1.5 m. The shot interval was 2 s, the sampling frequency was
10 kHz, and the trace length varied between 0.5 and 2s. Post-processing included
correction of navigation offset, gains, bandpass filtering, demultiple, tidal and swell static
corrections, and top muting.

The aforementioned data is complemented with seismic data from previous surveys in
the study area, such as the GOLCA 93, FADO 96, and WADIANA 2000 surveys, which
used a Uniboom source (Geopulse™), with a cumulative total length of more than 1,500
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.

Sediment Cores.—The main dataset used for the sedimentological interpretation is
composed of sediment cores collected in forty-five sites on the shelf offshore of the
Guadiana River (Fig. 3C). Sediment cores were collected using vibrocorer, piston corer,
and gravity corer devices, attaining maximum lengths of 5-6 m in specific locations. For
the analysis of PTUs, 15 sediment cores were selected from seven sites acquired during
the LASEA 2013 cruise (seven vibrocores (VC) (Table 1) and eight gravity cores (GC);
Fig. 3C). Physical properties (magnetic susceptibility (SI) and wet density (gamma ray)
in g/cc) were measured by continuous, nondestructive acquisition using a Geotech Multi-
Sensor Core Logger (MSCL) at a sampling interval of 1 cm, at the Instituto Geoldgico y
Minero de Espafia (IGME) General Laboratories. Magnetic susceptibility of rocks is
controlled by the type and amount of magnetic minerals, and wet density is mainly used
to estimate the total porosity of the formation; these parameters are useful for
determining subtle lithological changes.

In parallel with this analysis, high-resolution digital images of the cores were taken.
Finally, the lithological description and grain size were obtained by macroscopic core
visualization and the analysis of high-resolution digital images.

Radiocarbon Dating.—Eight AMS “C dates were obtained by using a mixture of
benthic foraminiferal tests or different sizes of bivalve shells (Table 2), and carried out by
the Poznan Radiocarbon Laboratory (Poland) using a 1.5 SDH-Pelletron Model
“Compact Carbon AMS” ser. no. 003. Sample CNA3837, corresponding with PTU3, was
duplicated at the CNA-Centro Nacional de Aceleradores (Seville, Spain), yielding similar
ages. Age calibration was performed with the Calib 8.2 program (Stuiver et al. 2021),
using the conventional radiocarbon ages and the Marine 20 calibration data set (Heaton et
al. 2020). Local reservoir effect (AR) was not applied. The median of the probability
distribution was used as a reliable estimation of the sample’s calendar age (Telford et al.
2004).

Interpretation Procedure

Seismic Interpretation.—Seismic horizons and discontinuities were interpreted
following a standard seismic stratigraphy procedure (Mitchum 1977) using the
commercially available software IHS Kingdom™. Each PTU was subdivided into several
subunits with characteristic seismic facies (Figs. 4—7; Table 3). For visualization
purposes, TOPAS profiles were preferentially used, as they provide the highest resolution
and fine-scale details. Seismic-horizons and sediment-thickness grids were generated
through the interpreted seismic horizons following a flex gridding algorithm in IHS
Kingdom™ in order to analyze the spatial distribution of each seismic unit. These data
were subsequently exported and mapped using ArcGIS™ software.

The interpretation focused on PTUs 4 to 1, from older to younger, disposed in a
retrogradational stacking pattern characteristic of transgressive intervals (Catuneanu et al.
2009; Zecchin and Catuneanu 2013; Catuneanu 2019). We attempted an interpretation of
transgressive stratigraphies and processes based on current knowledge of recent
transgressive architectures and bounding surfaces (e.g., Trincardi et al. 1994; Saito 1994).
Specifically, the wave ravinement surface (WRS), a diachronous erosional surface cut



during transgression by waves (WRS; Swift 1968; Demarest and Kraft 1987; Nummedal
and Swift 1987), is significant for the reconstitution of transgressive architectures in
shallow-water shelf settings.

The oldest outer-shelf transgressive unit (PTU 5 according to the new nomenclature
established here) defined in Lobo et al. (2001) is excluded from this analysis. The
rationale behind the exclusion is that this outer-shelf unit shows different patterns of
distribution compared to the younger transgressive units. In addition, its age of formation
predates the major phases of shelf transgressive flooding. Consequently, we suspect that
genetic processes may be substantially different. Nevertheless, in order to constrain the
chronostratigraphic framework of PTUs 4 to 1, we used the age data of PTU 5 (Lobo et
al. 2015). PTUs 4 to 1 are buried by an onlapping sheet-like seismic unit with low-
amplitude and subparallel to transparent seismic facies, which exhibits a widespread
lateral distribution (Figs. 5A, 6A, 7A). This uppermost seismic unit has been attributed to
the Holocene highstand (Lobo et al. 2004; Hanebuth et al. 2018).

Sedimentological Interpretation.—Four sediment cores (LA-25-VC, LA-22-VC, LA-
48-VC, and LA-18-VC; Table 1) were selected in order to characterize the sedimentology
of each PTU defined in this study (Fig. 3C). Sediment-core analysis included descriptions
of the lithology, grain size, texture, sedimentary structures, bioturbation, and ultimately
the definition of depositional systems. High-resolution core images were treated with
Adobe Photoshop CS6 software, using the image treatment methodology proposed by
Dorador et al. (2013).

RESULTS
Seismic Stratigraphy

The studied deposits cover an irregular high-amplitude horizon (called SU, Fig. 4)
that marks the erosional truncation of underlying Pleistocene oblique reflections, which
has been interpreted as the paleo-topography of the LGM subaerial surface (Lobo et al.
2018).

Postglacial Seismic Units (PTUs): Internal Architecture and Seismic Facies.—Each
seismic unit contains a variable record of up to four different seismic sub-units (a to d)
characterized by specific seismic facies and bounded by different seismic horizons (cl,
clinoform horizon; ch, channel horizon; sh, sheet horizon; rw, reworked horizon) (Fig. 4).

PTU 4 lies above the regional unconformity SU (Figs. 4, 5). Based on the seismic
configuration, this unit can be divided into four sub-units: 4a, 4b, 4c, and 4d. Sub-unit 4a
comprises the main body of PTU 4, and it is composed of gentle tangential-oblique
clinoforms, mostly dipping southwest, with gradients ~ 0.7° in the foresets, decreasing
distally to less than 0.2° in the bottomsets (Fig. 5B; Table 3). Over the top of the
clinoforms, sub-unit 4b is locally observed infilling a scoured, channel-like horizon. It is
characterized by facies with a transparent to chaotic configuration and some weak
internal reflections (Table 3). Lateral to sub-unit 4a, sub-unit 4c exhibits a sheet-like
morphology onlapping the clinoforms of 4a, with transparent seismic facies that extend
laterally over a few kilometers (Fig. 5A; Table 3). Sub-unit 4d extends across the
proximal and central part of PTU 4 over the rest of the sub-units (Fig. 5B). It shows
transparent seismic facies with some weak internal reflections (Table 3) and a thin (a few
meters thick) sheet-like external shape with local superimposed undulations (Fig. 5).



PTU 3 is located landward of PTU 4 (Figs. 4, 6). This unit can be divided into three
sub-units: 3a, 3b, and 3d. Sub-unit 3a is characterized by a seismic facies composed of
low-angle (~ 0.3°), parallel-obligue clinoforms dipping southwest, downlapping onto the
proximal parts of PTU 4 (Fig 6B; Table 3). Over the top of sub-unit 3a, sub-unit 3b fills a
scoured channel-like horizon, showing a transparent to chaotic configuration with some
weak internal reflections (Table 3). Overlying these sub-units, sub-unit 3d is a thin sheet-
like body located over the central part of PTU 3, with a transparent seismic configuration
and scattered weak internal reflections (Table 3; Fig. 6).

PTU 2 is characterized mainly by a prograding wedge more than 20 m thick (Figs. 4,
6). The lower part of this unit is composed of two prograding bodies (i.e., sub-units 2al
and 2a2). Both sub-units are characterized by low-amplitude tangential-oblique
clinoforms with angles in the proximal zones of ~ 1°, decreasing distally to 0.3-0.4°
(Figs. 4, 6; Table 3). These clinoforms dip in opposite directions (westward and
eastward) (Fig. 6A). Sub-unit 2al is thinner and is completely covered by sub-unit 2a2.
Lateral to this mound-shaped body, the sheet-like sub-unit 2c, with transparent seismic
facies and some weak parallel internal reflections, onlaps the second prograding body
(sub-unit 2a2; Fig 6A; Table 3). Sub-unit 2d extends over the proximal and central part of
PTU 2 and is restricted to the eastern sector (Fig. 6A).

PTU 1 covers the proximal part of PTU 2 (Figs. 4, 7). The main core of PTU 1 is
formed by three prograding sub-units (1al, 1a2, and 1a3), which are covered by two
other sub-units (1c and 1d), following a pattern similar to PTU 2. The three lower sub-
units exhibit prograding configurations (Table 3). Sub-unit 1al is characterized by low-
amplitude reflections (Fig. 7), and its upper boundary is very irregular. Sub-unit 1a2
shows a similar configuration but with gradients up to 3°. Sub-unit 1a3 is formed by low-
amplitude progradational reflections with gradients up to ~ 1° (Fig. 7; Table 3). Sub-unit
1c shows a sheet-like external shape and onlaps laterally onto sub-unit 1a3. It is
characterized by a highly transparent configuration that extends laterally over a few
kilometers (Fig. 7A; Table 3). Sub-unit 1d overlies sub-unit 1a3 and is located mainly in
the central and proximal areas. It is a thin (a few meters thick) sheet-like unit with
transparent seismic facies and some weak internal reflections (Table 3).

Spatial Distribution.—The studied deposits are located over the inner and middle
continental shelf between 40 m and 100 m water depths (Figs. 4, 8). In plan view, these
units show a roughly ellipsoidal geometry (Fig. 8). Each individual unit shows wedge- or
mound-shaped external shapes with a maximum thickness of 10-15 m in the central parts
that decreases laterally. The depocenters of each unit are oriented ~ N9OE, normal to the
Guadiana River mouth. Nevertheless, each individual deposit varies slightly from this
value.

PTU 4 is located over the middle shelf between 60 and 95 m water depth and covers
an area of 212 km? (Fig. 8A, B). It shows an elongated N85E distribution, extending 22
km in that direction and 7 km across the shelf (Fig. 8B). The main depocenter is
displaced to the east, showing a maximum thickness of around 10 m.

PTU 3 is located over the middle shelf between 60 and 90 m water depth, westward
in relation to PTU 4, and extends over 149 km? (Fig. 8A, C). Its distribution pattern is
also elongated in a N9OE trend extending for about 18 km, whereas across the shelf it
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extends for about 5.3 km (Fig. 8C). The main depocenter is located in the central area,
with a maximum thickness of around 12 m.

PTU 2 is located over the inner-middle shelf between 50 and 75 m water depth (Fig.
8A, D). Its spatial distribution shows a coverage smaller (106 km?) than the previous
units, extending for 14 km in the N70E direction, and less than 5 km across shelf (Fig.
8D). Its maximum thickness (~ 18 m) occurs in the central part, decreasing abruptly
towards the lateral margins.

PTU 1 exhibits a restricted areal distribution (38 km?) over the inner shelf at 40-55 m
water depth (Fig. 8A, E). In plan view, its distribution shows a N80OE lobate shape with a
maximum along-shelf length of around 8 km, and less than 5 km across shelf (Fig. 8E).
The main depocenter is located slightly westward of the previous depocenters, with a
maximum thickness of about 10 m (Figs. 7A, 8E).

Sedimentological Analysis

Types of Sediment Facies.—The results derived from the sedimentological analysis
of sediment cores (Table 1) show that sedimentary facies in each unit exhibit a consistent
pattern (Figs. 9-12). Three main types of facies are distinguished in the studied sediment
cores.

Facies 1: Massive silty sands. This facies is composed of very well sorted fine-
grained sands with abundant sand-size bioclasts and scattered shell fragments of
centimetric scale intercalated with silty layers. Grains consist mainly of bivalve
fragments and siliciclastic grains. This facies is generally massive, lacking sedimentary
structures (Figs. 9F, G, 10F, 11F, G, 12G), although parallel lamination to cross-
lamination (Fig. 9E), bioturbation (Fig. 10F), and mottling (Fig. 9D) are locally observed.

Facies 2: Sandy gravels. This facies comprises granule- to pebble-size bioclasts,
mainly highly fragmented bivalve shells, which are hosted in a mixture of coarse to fine
sand mixed with silty sand. This facies is poorly sorted and structureless (Figs. 9B, C,
10B-D, 11D, 12B).

Facies 3: Homogeneous muds. This facies consists of silt and clay without
sedimentary structures and scarce well-preserved shells, some of them in life position
(Figs. 9A, 10A, 11A).

Core Descriptions.—Sediment core LA-25-VC: This core is 480 cm long and
penetrated PTU 4 (Figs. 3C, 5B; Table 1). From bottom to top, three intervals can be
distinguished (Fig. 9). The lower interval (480-170 cm) is dominated by facies 1, where
some lamination, bioturbation, mottling, and some dark layers are observed (Fig. 9D-G).
Facies 1 can be assigned to sub-unit 4a. The middle interval (170-100 cm) is
characterized by facies 2, whose matrix shows a darkish color compared with the rest of
the core (Fig. 9B, C). This interval is also characterized by an upward, decreasing trend
in the density log, continuous to the top of the core. Finally, the upper interval (100-0
cm) is characterized by homogeneous and structureless muds of facies 3. An increase in
the magnetic susceptibility and a constant decrease in density is observed towards the
core top. Facies 2 and 3 are correlated with post-transgressive sedimentation.

Sediment core LA-22-VC: This 440-cm-long sediment core penetrated PTU 3 (Figs.
3C, 6B; Table 1). From bottom to top, three intervals can be distinguished based on their
dominant facies (Fig. 10). The lower interval (440—-155 cm) is dominated by facies 1. In
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the middle part of this interval, between 370 and 335 cm depth, the sand is light brownish
and bioturbated (Fig. 10F). In the upper part of this interval (230-185 cm), a coarsening-
upward trend in the sand matrix is accompanied by an increase in content of shell
fragments (Fig. 10D). The middle interval (155-75 cm) is characterized by facies 2 (Fig.
10B, C). The lower two thirds of the core (430-130 cm), characterized by facies 1 and
facies 2 toward the top, are assigned to sub-unit 3a. The uppermost interval (75-0 cm) is
a package of silts and clays (Facies 3) with scattered centimetric shells (> 2 cm) (Fig.
10A) and where magnetic susceptibility increases steadily towards the core top. The
upper 130 cm is dominated by facies 2 and 3 and corresponds to post-transgressive
sedimentation.

Sediment core LA-48-VC: This sediment core corresponds with PTU 2 and is located
west of the other selected cores (Figs. 3C, 6A; Table 1). It has a total length of ~ 495 cm,
and two main intervals can be distinguished according to their facies (Fig. 11). The first
interval (495-90 cm) shows a relativly homogeneous composition reflected in the density
log (Fig. 11). This interval is characterized by facies 1, does not exhibit primary
sedimentary structures, and is correlated with seismic sub-units 2c and 2a2. A grain-size
increase of the sand matrix is observed in the upper part of this interval (190-90 cm)
(Fig. 11B). The second interval extends along the upper part of the core (90-0 cm) and is
dominated by facies 3, where well-preserved shells with sizes larger than 5 cm are found
(Fig. 11A). This interval is correlated with post-transgressive sedimentation. The
uppermost centimeters are characterized by a positive upward trend in magnetic
susceptibility.

Sediment core LA-18-VVC: This core corresponds with the uppermost part of PTU 1
(Figs. 3C, 7B; Table 1). It has a total length of about 440 cm and has a higher proportion
of sand than the other sediment cores. Three intervals are distinguished according to the
sedimentary facies. The lower interval (440-110 cm) is mainly dominated by facies 1,
with two thin intervals characterized by facies 2 resting above erosional surfaces at 250
240 and 220-210 cm depths (Fig. 12). The second interval (110-30 cm) is characterized
by facies 2 and is separated from the lower interval by a sharp erosional surface (Fig.
12B, C). This interval can be subdivided into two minor intervals. From bottom to top,
the first 35 cm (11075 cm) are characterized by a silt layer without bioclasts. This silty
layer is overlain by 40 cm of highly fragmented granule to pebble-size bioclasts in a
coarse to medium sand matrix, which ends abruptly in a thin (5 cm) clay layer marked by
a significant increase in the magnetic susceptibility (75-30 cm) (Fig. 12). Sub-unit 1a3 is
mostly dominated by facies 1 with some intervals dominated by facies 2. The uppermost
interval (30-0 cm) is characterized by facies 1. Recent sedimentation shows a marked
increase of the sand fraction in contrast with the other studied cores.

Age Dates

Age values (Table 2) place the formation of the postglacial transgressive deposits
between 13.8 and 9 ka. However, some age dates show anomalous values older than
expected taking into account the sequence of ages and the overall chronostratigraphic
scenario framed by postglacial sea-level changes and associated climatic changes. We
interpret these anomalous age values as the result of shell reworking, a process that is
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common to other postglacial transgressive settings (e.g., Aksu et al. 2016; Pretorius et al.
2019).

INTERPRETATION AND DISCUSSION

Development of the Transgressive Stratigraphic Architecture

Depositional Environments and Processes.—In the study area, the internal
organization and seismic facies of each PTU likely represent a succession of distinct
depositional systems during each phase of shelf inundation bounded by flooding surfaces
(Fig. 13).

The bulk of each unit is constituted by wedge-shaped, seaward-prograding clinoforms
(i.e., sub-units a). Similar seismic facies have been documented in diverse postglacial
transgressive architectures, where they are generically related to prograding bodies
(Shinn et al. 2007; Maselli et al. 2011; Engelbrecht et al. 2020) or more specifically to
ancient deltaic systems (Gensous and Tesson 2003; Labaune et al. 2005; Berné et al.
2007). Accordingly, in the study area, such clinoforms are interpreted to represent the
establishment of a coastal regime, during which shallow-water, coarse-grained river-
dominated deltas formed (Phase 1 in Fig. 13). This interpretation is also favored by: a)
the clinoform sedimentary facies, which are predominantly constituted by silty sands, b)
the fact that these transgressive clinoforms were developed seaward of an infilled incised
valley attributed to the older course of the Guadiana River (Lobo et al. 2018), and c) the
ages indicate that the clinoform deposits occurred in a range of water depths up to 15-20
m below contemporaneous sea levels, suggesting that clinoform development may have
occurred in shallow-water environments with upward development limited by storm
wave base.

Slight differences between the types of clinoforms may be related to the sandier or
muddier composition of the deltaic clinoform wedges (i.e., sub-units a). Thus, the older
clinoforms of PTUs 4 and 3 exhibit shallower slope and lesser amounts of sand; these
facies resemble tangential-oblique or parallel-oblique deltaic progradation characteristic
of muddy or moderate sand content clinothems (e.g., Gokasan et al. 2005; Pellegrini et al.
2015; Dyer et al. 2021). In contrast, steeper and sandier clinoforms characteristic of PTUs
2 and 1 seem to be equivalent to constructional phases of sandy deltas, such as those
recognized in southeast Africa offshore of the Thukela River (Engelbrecht et al. 2020).

The internal architecture of the deltaic wedges is more complex in some of the
seismic units, such as PTUs 2 and 1. These units have lateral bidirectional progradation
and internal truncation surfaces, interpreted to be the result of delta lobe switching and
abandonment, as is found in southeast Africa transgressive deltaic bodies (e.g.,
Engelbrecht et al. 2020; Dyer et al. 2021).

The occasional occurrence of infilled erosional channels (i.e., sub-units b) over the
proximal parts of the clinoforms is not common in postglacial transgressive architectures.
Instead, similar facies are typically attributed to the topsets of lowstand deltaic deposits
(Trincardi et al. 1994; Storms et al. 2008). Channel fills in the central parts of
depositional bodies formed during transgressive stages have been observed in relation to
radial seaward progradation and the development of fan-shaped geometries (Gokasan et
al. 2005; Engelbrecht et al. 2020). These channel units have been interpreted as delta-top
distributary channels formed during phases of transgressive delta construction (Dyer et al.
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2021). We favor a similar interpretation in the study area (Phase 2 in Fig. 13). The
stratigraphic position and proximal location of sub-units b, in relation to the underlying
clinoforms, drive us to interpret them as distributary channels formed during important
normal regressions in an otherwise overall transgressive system.

Semitransparent, sheet-like facies that drape the clinoforms (i.e., sub-units c), extend
beyond the edges of the underlying clinoforms. According to our knowledge, this kind of
deposit and its stratigraphic relationship with underlying clinoforms is not common in
other studies of transgressive deposits. Sub-units ¢ do not completely cover the
clinoforms; rather, they onlap laterally, without interfingering, and clearly postdate the
clinoforms which would have been fed by the distributary channels. Consequently, a
fluvial origin is not likely, and some change in the sediment sources needs to be invoked,
so that these deposits can be formed above an inactive delta front. In addition,
superimposed bedforms indicative of a mobile carpet (as evidenced in the Gulf of Lions,
Bassetti et al. 2006) are not observed; therefore, sub-units ¢ are also not considered to be
the product of sediment reworking.

Taking into account the draping geometry and lack of internal reflections, these facies
may indicate a low-energy environment dominated by mud, as documented in the South
African shelf (Engelbrecht et al. 2020) or the southeastern Yellow Sea (Shinn et al.
2007). Since these sub-units ¢ are found down-dip of the channelized facies (sub-units b),
a process of sediment partitioning could have taken place, involving retention of the
coarse-grained fraction in the distributary channels, and coeval offshore fine-grained
sediment dispersal by the action of oceanographic agents such as waves, tides, and/or
currents (Phase 3 in Fig. 13). We propose that sub-units ¢ could be interpreted as the
result of a type of sediment gravity flow induced either by wave (wave-supported gravity
flows) or tidal motions (estuarine fluid muds) (e.g., Parsons et al. 2007). The winnowing
of fine-grained sediments in the distributary channels would form sediment plumes in the
shelf environment, which would be eventually redistributed laterally by the Gulf of Cadiz
Current (Bellanco and Sanchez-Leal 2016), leading to the generation of extensive mud
blankets far beyond the confined location of the deltaic clinoforms.

Upper chaotic facies documented in a number of paleo-deltaic systems are
interpreted as sandy bedforms originated from ancient shorelines or delta fronts (e.qg.,
Berné et al. 2007). However, in the study area the uppermost sub-units d in each seismic
unit occur over erosional truncations. Truncations on top of underlying clinoforms are
interpreted as the product of ravinement (Shinn et al. 2007). The sub-units observed over
the truncations closely resemble the pattern identified on several sectors of the Italian
shelves, where sheet-like transparent units are interpreted as reworked (lower shoreface)
sand sheets (Tortora 1996). These sheets may develop asymmetric patterns on their tops,
interpreted as dunes formed during the reworking of the sandy layer (Masselli et al.
2011). Similarly, in our study area, these upper sub-units are considered as the by-product
of the reworking of the original clinoforms during transgressive ravinement (Phase 4 in
Fig. 13), generating scattered bedforms along the central area of sub-unit 4d (Fig. 5).

The observed architectures in the studied PTUs are in agreement with the
preservation of both paralic (coastal) and marine components that compose transgressive
deposits (Saito 1994; Tortora 1996). However, PTUs identified on the Guadiana shelf
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exhibit a diverse and rich internal stratigraphic organization, unparalleled in many other
postglacial transgressive deltaic systems that tend to exhibit, as a general rule, a more
monotonous stratigraphy and composition (e.g., Gensous and Tesson 2003; Maselli et al.
2011)

In the present study, the lower component would be composed of shallow-water
deltaic clinoforms and facies associated with the full establishment of fluvio-deltaic
depositional systems (seismic facies or sub-units a). The upper chaotic facies with local
development of undulations would represent marine deposits as a consequence of
transgressive ravinement (seismic sub-units d).

However, in the study area the transition between the deltaic systems and the marine
deposits would be more complex than in other transgressive settings. Such transition is
represented not only by a wave ravinement surface but also by a significant change of
sediment sources involving the dearth of deltaic construction and the establishment of a
process of sediment partitioning involving channel infilling and offshore export of fine-
grained sediments (seismic sub-units b and c).

Implications for Transgressive Development.—The postglacial sedimentary record on
the Guadiana shelf displays several distinct characteristics in terms of the preservation
and internal architecture of individual deposits in transgressive deltaic settings. A number
of indications would signal the importance of high sediment fluxes during each
transgressive phase. These indications include: a) an unusually large number of
transgressive deposits, b) occurrence of proximal infilled channels, and c) occurrence of
delta lobe switching.

Many transgressive shelf-wide settings are low-accumulation settings due to the
strong prevalence of transgressive ravinement. As a consequence, Atlantic transgressive
settings tend to be composed of erosional morphologies, such as coastal terraces,
transgressive lags and bedforms, and/or remnants of coastal deposits such as barriers
(e.g., Nordfjord et al. 2009; Cooper et al. 2016; Ximenes Neto et al. 2018; Gomes et al.
2020). Preservation of single transgressive wedges has been reported on the New Jersey
shelf (Nordfjord et al. 2009) and the Galician shelf (Lantzsch et al. 2010). The dominance
of transgressive ravinement may even occur on wide shelves, where the development of
deltaic deposits in the transgressive systems tract is also uncommon (Puchala et al. 2011).

Transgressive packages also exhibit low preservation potential of deltaic deposits on
shelves fed by short, mountainous streams such as the Californian shelf (Spinelli and
Field 2003; Hogarth et al. 2012). There, clinoform wedges of restricted distribution have
been identified in specific sectors (Grossman et al. 2006; Klotsko et al. 2015). Also, the
well-studied transgressive record of the South African shelf is strongly dominated by
nondeltaic shoreline-connected deposits (e.g., Pretorius et al. 2019; Green et al. 2020).
However, in river-dominated sectors of the southeastern African shelf, several phases of
transgressive deltaic progradation have been reported to occur intercalated within the
major postglacial shelf flooding phases (Engelbrecht et al. 2020; Dyer et al. 2021).

Significant development of transgressive deltaic deposits in water depths equivalent
to those of the study area, and with transgressive ages younger than 14.5 ka, is found only
in several Mediterranean settings. These settings are regarded as ideal delta-forming
environments, due to the sediment supply conditions and redistribution of river-borne
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sediments by oceanographic processes (Anthony et al. 2014). For example, three
individual deposits have been described in the Gulf of Lions (Gensous and Tesson 2003;
Labaune et al. 2005) and two to three individual transgressive deposits in the Adriatic Sea
(Storms et al. 2008; Maselli et al. 2011).

In comparison to all those settings, the number (four) of transgressive deposits
identified in the middle to inner shelf setting of the study area seems to be higher, and
would imply faster responses of the Guadiana fluvial system to external driving factors in
comparison to the sedimentary response of larger fluvial systems, such as the Po or the
Rhone river systems. Other stratigraphic evidence that suggests a significant influence of
fluvio-deltaic processes include the presence of proximal distributary channels on top of
the clinoforms and identification of delta switching processes in the younger PTUs. The
identification of delta-top distributary channels in postglacial transgressive architectures
has been related with extensive periods of delta progradation under normal regressive
conditions (Dyer et al. 2021). We favor that interpretation in the study area, because these
distributary channels are identified in PTUs 4 and 3, whose formation is related to a
prolonged sea-level slowdown (see subsequent discussion about sea-level change trends).
Delta lobe switching and abandonment occurring in an overall transgressive context can
be produced by pure autocyclic processes, due to lateral shifting of river courses (Berné
et al. 2007; Zecchin et al. 2015; Dyer et al. 2021). However, such a hypothesis cannot be
tested in the study area, because evidence of delta lobe switching are restricted to the
younger PTUs 2 and 1, where preserved distributary channels are not found.
Alternatively, delta lobe switching has also been related to changing sediment fluxes to
the deltaic realm due to variations in the frequency and magnitude of flood events driven
by transitions between humid and dry climates (Berné et al. 2007; Dyer et al. 2021). A
similar interpretation could be valid for PTUs 2 and 1, since their formation is roughly
coeval with a period of increased frequency of large-magnitude floods after the Younger
Dryas event in southern Iberia (more details in a subsequent discussion about the role of
sediment fluxes).

Another significant difference between the postglacial record of the Guadiana shelf
and most Mediterranean settings, which exhibit similar arrangements of transgressive
stacking patterns, is the formation of reworked facies overlying prodeltaic clinoforms. In
most Mediterranean examples, these facies are poorly documented at the seismic scale
(e.g., Gensous and Tesson 2003; Berné et al. 2007; Maselli et al. 2011). This significant
difference could be explained by considering the oceanographic setting. Several facts
would account for the distinctive influence of the oceanographic regime in the Gulf of
Cadiz:

e In the present-day Gulf of Cadiz, wave remobilization may extend to several
tens of meters water depths (e.g., Dolbeth et al. 2007; Gutiérrez-Mas et al.
2009).

e The estimated water depth of the Gulf of Cadiz transgressive clinoforms, in
relation to coeval sea levels, indicate wave-base levels 10-20 m deep.

e The Guadiana shelf clinoforms exhibit a heterolithic coarse-grained
composition, in contrast to other Mediterranean clinoforms, which tend to be
finer-grained (Pellegrini et al. 2015).
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e The elongated depocenters of each unit, specially marked in PTUs 4 and 3,
would attest to the influence of an active shelf current circulation, represented
at present day by the dominant Gulf of Cadiz Current (Bellanco and Sanchez-
Leal 2016).

Therefore, the sedimentary architecture of the postglacial transgressive deposits in the
Guadiana shelf area resulted from the combination of relatively significant fluvial
sediment fluxes and a wave-dominated setting with active along-shelf currents, in
contrast to most Mediterranean settings where: a) possibly, the larger drainage basins
were less dynamic in their sedimentary response, and b) hydrodynamic conditions were
of lower energy. As a consequence, the observed architecture of the postglacial
transgressive deposits is more compatible with a transgressive submergence process
rather than with a process of in-place drowning (i.e., overstepping), which seems to be
the preferential mechanism in transgressive records dominated by the preservation of
barriers and associated deposits (e.g., Pretorius et al. 2019; Green et al. 2020).
Chronological Framework of the Postglacial Transgression: Implications for Driving
Processes

The Importance of Sea-Level Change Trends.—The occurrence of each phase of
transgressive development and the sea-level pattern in continental shelves shows a great
diversity around the world. In general terms, under the absence or scarcity of age control,
depths of occurrence of transgressive deposits or shorelines are compared with the glacio-
eustatic stepped sea-level rise (Fig. 14). With such constraints, major phases of clinoform
development are assumed to be related with periods of reduced sea-level rise or
stillstands (Zecchin et al. 2015) such as the Younger Dryas (Gensous and Tesson 2003;
Boyer et al. 2005; Berné et al. 2007; Maselli et al. 2011), or during steps punctuating
MWPs (Zecchin et al. 2015; Engelbrecht et al. 2020; De Santis et al. 2020; Dyer et al.
2021). In wave-dominated settings, shoreline complexes have also been related to sea-
level stability (Green et al. 2014). Under that scheme, major periods of shelf drowning
are supposed to be driven by periods of enhanced sea-level rise, such as MWPs-1A and
1B (Fig. 14) (Pellegrini et al. 2015; Green et al. 2014; Zecchin et al. 2015).

However, the development of transgressive deposits also occurs during moderately
high rates of sea-level rise (up to 10 mm/year). This occurs during the sea-level rise
postdating the Younger Dryas (Berné et al. 2007) and during the sea-level deceleration
after MWP-1B (Fig. 14) (Gensous and Tesson 2003; Boyer et al. 2005; Storms et al.
2008; Schattner et al. 2020; Maselli et al. 2011; De Falco et al. 2015).

In the most extreme cases, the development of transgressive deposits has even been
related to periods of sustained sea-level rises with rates up to 60 mm/year during the
MWP-1A (Fig. 14). For example, coastal barrier-lagoon systems (Storms et al. 2008; De
Santis et al. 2020) and prograding bodies (Maselli et al. 2011) have been reported in the
Adriatic Sea, and low-energy marine deposits in the Gulf of Lions (Labaune et al. 2005).
In California, the generation of a clinoform wedge was also related to the abrupt sea-level
rise of MWP-1B (Fig. 14) (Grossman et al. 2006).

The formation of the studied PTUs 4 to 1 is framed by the overall sea-level rise in the
14-9 ka interval (Fig. 14). In general, most of the ages exhibit a coherent pattern;
however, some anomalous results provide ages older than expected, with values located
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well above the contemporary sea-level positions (Fig. 14, Table 2). One of the anomalous
results corresponds with the age value of PTU 4 (16.3 ka, Fig. 14, Table 2), which is
considerably older than the termination age of preceding PTU 5, framed between 13.8
and 14.3 ka (Lobo et al. 2015). The ages of the younger PTU 3 between 11.2 and 12.7 ka
are in agreement with a genesis during the Younger Dryas event, a period of reduced sea-
level rise (Fig. 14, Table 2). Consequently, we infer that the formation of PTU 4 occurred
between 12.7 and 13.8 ka, possibly during MWP-1A but after the phase of accelerated
sea-level rise between 14.5 and 14 ka (Stanford et al. 2011; Lambeck et al. 2014).
Conversely, the ages of the most recent PTUs (2 and 1) would place them in a period of
high rates of sea-level rise during MWP-1B, between 11.5 and 8.8 ka (Stanford et al.
2011).

The proposed chronological framework supports the idea that PTUs 4 and 3 are
genetically related, and that PTUs 2 and 1 are also genetically related. Thus, the
formation of PTUs 4 and 3 possibly took place in an interval bracketed by two periods of
very high sea-level rise during MWPs-1A and 1B, when rates of sea-level rise were
generally lower than 15 mm/year (Stanford et al. 2011). Therefore, these two units are
related to a period of deceleration or slowdown during the deglaciation that culminated in
the Younger Dryas event. This is similar to other transgressive settings such as the Gulf
of Lions or the Adriatic Sea (Gensous and Tesson 2003; Maselli et al. 2011). These
periods of reduced sea-level rise are assumed to be related to major phases of clinoform
development (Zecchin et al. 2015). This is compatible with our observations, since these
two older transgressive units exhibit more elongated patterns, wider distribution and a
finer-grained composition than the two younger units, suggesting genetic conditions
favorable for clinoform development.

In contrast to the sea-level conditions of the older transgressive deposits, the two
more recent PTUs (2 and 1) are assumed to be related to an overall period of enhanced
sustained sea-level rise during MWP-1B, with rates of sea-level change of around 20
mm/year and even higher (Stanford et al. 2011). This connection with high rates of sea-
level rise is also reflected in the geometry and composition of such units, which are more
confined and exhibit higher percentages of sands than the older transgressive deposits.

The Role of Sediment Fluxes in the River Basin.—As discussed above, the formation
of PTUs 2 and 1 seems to be related with high rise rates of sea level. Indeed, under such
circumstances, major increases in sediment supply may guide the formation of postglacial
transgressive deposits rather than the primary control of sea-level changes. These changes
in sediment flux might have been the result of rapid climatic changes (Berné et al. 2007,
Labaune et al. 2008) influencing vegetation cover and subsequently the total discharge
(Maselli et al. 2011). Other interpretations stress the importance of: a) antecedent slope
and geology, as they may influence the rate of transgression and the ravinement
processes, particularly in transgressive systems composed mainly of barriers (Storms et
al. 2008; Pretorius et al. 2016) and b) uplift rates greater than sea-level rise rates
(Grossman et al. 2006; Hogarth et al. 2012).

Assuming preferential development during conditions of rapid sea-level rise, phases
of increased precipitation and sediment input have been invoked to trigger the
development of deltaic deposition during transgressive intervals (Puchala et al. 2011).
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Specifically, phases of enhanced sediment supply could have been fostered by meltwater
pulses (Labaune et al. 2008; Lebreiro et al 2009). With relevance for the study area,
periods of increased fluvial activity in Spain related to anomalous rainfall (Trigo and
DaCamara 2000) extend back to the postglacial transgression. In fact, the two older
periods of increased frequency of large-magnitude floods postdate the Younger Dryas
event (10.75-10.24 and 9.62-8.785 ka) (Thorndycraft and Benito 2006; Benito et al.
2008). The increase in flood frequency after the Younger Dryas event has been related to
large-scale atmospheric circulation changes and climatic transitions (Benito et al. 2008)
in relation to the return of westerly storm tracks to Iberian latitudes (Thorndycraft and
Benito 2006). After these two main flooding periods, a hiatus in the paleoflood record
until 2.9 ka, with no major increases in the flood frequency, has been reported
(Thorndycraft and Benito 2006).

These flooding phases probably involved spatially diverse climatic trends, with colder
and more arid climates in central Iberia and more temperate and humid in western
(Morell6n et al. 2018), southwestern (Dorado Valifio et al. 2002), and southern (Mesa-
Fernandez et al. 2018) Iberia. In fact, the period between 10.8 and 7 ka is regarded as
dominated by increasingly humid conditions in western and southern Iberia, with
enhanced runoff inputs interrupted by arid events (Carrién 2002; Rodrigues et al. 2009
2010; Mesa-Fernandez et al. 2018; Morelldn et al. 2018).

At a smaller scale and with relevance for the present study, expansions and declines
of forests in the Guadiana Estuary since 13 ka provide indications of climatic variability.
Temperate to warm, moist climates occurred during the Allergd interstadial and between
9 and 5 ka. Drier conditions were prevalent during the Younger Dryas and the early
Holocene (Fletcher et al. 2007). These general climatic conditions in SW Iberia seem to
be in agreement with our chronostratigraphic scenario, assuming that sediment supply in
the southern Iberian Peninsula is strongly driven by rainfall during humid periods
because the land vegetation cover is scarce. Thus, we relate the formation of PTUs 2 and
1 postdating the Younger Dryas event to humid climates prevailing in SW lberia, and by
extension, in the Guadiana drainage basin. Conditions of increased humidity during the
early Holocene after the Younger Dryas event possibly accentuated allocyclic processes,
leading to channel abandonment and delta lobe switching during the younger PTUs. Also
in the Guadiana Estuary, an accelerated phase of infilling by clayey sediments was
initiated at ca. 9.8 ka (Boski et al. 2002). This trend also seems to be compatible with the
transgressive record on the shelf, since the formation of PTUs 2 and 1, which exhibit a
sandier composition than the older transgressive deltas, occurred at the timing of fine-
grained sediment trapping in the estuary.

CONCLUSIONS

The rich stratigraphic architecture of four postglacial transgressive units (PTUSs)
recognized in the northern margin of the Gulf of Cadiz off the Guadiana River reveals the
occurrence of several major phases of development, indicating a high variability in the
driving factors in the Gulf of Cadiz; in contrast, many other postglacial transgressive
settings tend to be largely dominated by a prevailing controlling factor, such as fluvial
sediment supply, hydrodynamic activity, or antecedent topography, resulting in generally
more homogeneous sedimentary processes and products.

19



The initial phase was the establishment of shallow-water, coarse-grained, river-
dominated deltas. These deltas were subsequently eroded by distributary channels formed
during normal regressions, punctuating the overall transgressive interval. Transitional
phases between normal regressions and resumed transgressions involved the filling of
distributary channels and the offshore export and lateral redistribution of fine-grained
sediments due to enhanced hydrodynamic activity. The last phase was driven by
shoreface reworking of previous fluvio-deltaic depositional systems and the formation of
wave-ravinement surfaces. The sedimentary architecture of the postglacial transgressive
deposits on the Guadiana shelf involves both enhanced deposition as well as subsequent
preservation of reworked facies. This stratigraphic pattern likely resulted from the
combination of relatively significant sediment fluxes generating normal regressions
during different rates of sea-level rise and an active oceanographic regime with wave
and/or tidal reworking in the nearshore and along-shelf redistribution by currents. As a
result, the observed transgressive architectures are best explained by a transgressive
submergence process.

The formation of PTUs located on the Guadiana Shelf is framed within the 14-9 ka
interval; the chronostratigraphic framework provides important clues to the variable
influences of controlling factors of transgressive development, suggesting that both rates
of sea-level rise and sediment fluxes played significant yet contrasting roles. Thus, the
older PTUs (4 and 3) seem to be related to periods of reduced sea-level rise, such as the
terminal part of MWP-1A and the Younger Dryas event. Meanwhile, the younger PTUs
(2 and 1) are related with the MWP-1B, a period of high rate of sea-level rise during the
deglaciation.

The genesis of PTUs 2 and 1 is attributed primarily to the overall climatic conditions
established in SW Iberia after the Younger Dryas that triggered significant changes in
sediment supply in the river basin. Those phases of enhanced sediment supply probably
resulted from increased rainfall runoff during humid periods and scarce land vegetation
cover.

The prevailing influence of those controlling factors has been modified through time,
and is reflected in the morphology, distribution patterns, and lithologies of PTUs. Thus,
more extended deposit distributions and fine-grained compositions tend to occur during
enhanced sea-level dominance. In contrast, more confined distributions and coarse-
grained compositions seem to be the result of enhanced sediment fluxes.
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FIGURE CAPTIONS

Fig. 1.—The pattern of postglacial sea-level rise, with indication of major climatic events
such as: Heinrich Event 1 (H1), the Bglling—Allergd warm period (B-A) and the Younger
Dryas (YD) cold period. Timing of Melt-Water Pulses (MWPs) 1A and 1B and the 8.2 ka
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cooling event (in red) are also indicated. Sea-level curve is modified from Lambeck et al.
(2014).

Fig. 2—Examples of stratigraphic organization of postglacial transgressive deposits from
various locations around the world. The relative position of each example is based on the
prevailing sedimentation/erosion ratio in each setting (up and left where sedimentation is
higher than erosion). A) Gulf of Lions, characterized by high rates of sediment supply
(adapted from Gensous and Tesson 2003). B) Central Adriatic margin, also characterized
by high rates of sediment supply. ES1, regional unconformity; S1 and S2, regional
surfaces, each recording a specific interval of sea-level rise; Si, internal surface of erosion
(adapted from Maselli et al. 2011). C) Offshore San Onofre, California characterized by a
reduced amount of transgressive depositional bodies, possibly because of lower sediment
inputs (adapted from Klotsko et al. 2015). D) East China Sea, where the transgressive
architecture is strongly influenced by the hydrodynamic regime. TBL, transgressive
boundary layer (adapted from Li et al. 2014). E) Durban shelf, eastern South Africa,
characterized by the preferential development of barrier and backbarrier deposits
(adapted from Pretorius et al. 2019). F) Continental shelf off New Jersey, characterized
by a major role of transgressive ravinement. “R” horizon, a composite product of erosion,
forms the base of three seismically recognized sedimentary deposits of latest Pleistocene—
Holocene age older than the LGM. “T” horizon, the transgressive ravinement associated
with Holocene sea-level rise (adapted from Nordfjord et al. 2009). Highstand systems
tracts (HSTs) are represented in green, transgressive deposits are represented in orange.
The different transgressive units are designated differently according to their sequential
order in each location. mfs, maximum-flooding surface; TS, transgressive surface.

Fig. 3.—Location of the study area on the shelf offshore of the Guadiana River mouth, in
the northern Gulf of Cadiz. A) Geographical location (inset rectangle) showing the main
rivers and pathways of the main water masses and currents. B) Location of the seismic
database on the shelf in the study area offshore of the Guadiana River mouth (EMODnet
Bathymetry Consortium 2020). The location of Figures 4 to 7 is highlighted. C) Map
showing the sediment distribution on the shelf in the study area offshore of the Guadiana
River mouth (extracted from Gonzalez et al. 2004). The location of the sedimentological
core stations and the location of Figures 9 to 12 are also marked.

Fig. 4—Representative downdip cross-shelf (SSE-NNW-oriented) sub-bottom seismic
profile showing: A) the general arrangement of backstepping seismic units and B) their
interpretation offshore of the Guadiana River mouth. The color code and acronyms used
in this work are also included. The location of the seismic section is indicated in Figure 3.
Fig. 5.—Representative sub-bottom profiles focusing on the Postglacial Transgressive
Unit 4. A) W-E seismic line (up) and its interpretation (below). B) SSE-NNW seismic
line (up) and its interpretation (below). Here, the important characteristics observed are:
the clinoforms which compose the main body of PTU 4 (sub-unit 4a), mainly in the distal
part of the unit; the channel features that characterize the proximal part of the body (sub-
unit 4b); the transparent seismic facies that onlaps laterally to this body (sub-unit 4c); and
the thin, and transparent facies, sheet-like body which integrates sub-unit 4d, where some
superimposed undulations are observed. The location and penetration of sediment cores
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LA-25-VC and LA-22-VC are also indicated. The location of the seismic sections is
indicated in Figure 3. The color code and acronyms are indicated in Figure 4.

Fig. 6.—Representative sub-bottom profiles focusing on Postglacial Transgressive Units
3 and 2. A) W-E seismic line (above) and its interpretation (below). B) SSE-NNW
seismic line (above) and its interpretation (below). Here, the remarked characteristics
observed are: the low-angle clinoforms which compound the lower part of PTU3 (sub-
unit 3a) and the two clinoforms bodies (with higher angles and dipping in opposite
directions) that compound the most of PTU 2 (sub-units 2al and 2a2); the channel
features with chaotic configuration that characterize the proximal part of the body (sub-
unit 3b); the sub-unit 2d, which occurs over the proximal and central part of PTU 2, but is
restricted only to the eastern sector; and the transparent seismic facies that onlaps
laterally to sub-unit 2a2 (sub-unit 2c). The location and penetration of sediment cores
LA-22-VC and LA-48-VC are also indicated. The location of the seismic sections is
indicated in Figure 3. The color code and acronyms are indicated in Figure 4.

Fig. 7.—Representative sub-bottom profiles focusing on the Postglacial Transgressive
Unit 1. A) W-E seismic line (above) and its interpretation (below). B) SSE-NNW
seismic line (above) and its interpretation (below). Here, the remarked characteristics
observed are: the three clinoform sub-units which form the main body of PTU 1 (i.e.,
sub-unit 1al, 1a2, and 1a3); the sub-unit 1d, which occurs over the PTU 1; the
transparent seismic facies that onlaps laterally to the main body of PTU 1 and is also
lying over PTU 2 on the eastern sector (sub-unit 1c); and the incised-channel features
located in the eastern sector, which contain parts of PTUs 2 and 3. The location and
penetration of sediment core LA-18-VC are also indicated. The location of the seismic
sections is indicated in Figure 3. The color code and acronyms are indicated in Figure 4.
Fig. 8.—Spatial distribution and thickness of the studied deposits. A) Distribution maps
of the PTUs showing the location of the main Guadiana paleovalley, the coastline, and
the shelf bathymetry. The position of Figure 8B—E is indicated by the inset rectangle. B—
D) Isochores map showing the spatial distribution and thickness in TWTT (ms) of the
studied seismic units: B) PTU 4, C) PTU 3, D) PTU 2, E) PTU 1. The shelf bathymetry
and the position of sub-bottom seismic lines are also represented.

Fig. 9.—Photography, schematic sediment facies, and lithological description, control
age points, density log, and magnetic susceptibility logs of sediment core LA-25-VC,
characterizing seismic unit PTU 4. A) Homogeneous mud (facies 3). B, C) Silty sand
mixed with highly fragmented bioclasts of bivalves, Turritella and Ostrea up 2 cm in
length (facies 2). D) Massive medium to fine sand with mottling related to organic
matter. E) Fine to medium sand with some silt laminae. F, G) Massive sands (facies 1).
Fig. 10.—Photography, schematic facies, lithological description, control age points,
density log, and magnetic susceptibility logs of sediment core LA-22-VC, characterizing
seismic unit PTU 3. A) Muddy facies (Facies 3) showing a large well-preserved 3-cm-
long bivalve shell. B) Silty sand of facies 2 with 1-cm-long bivalve shell fragments
(facies 2). C) Medium sand of facies 2 including a high amount of fragmented bioclasts
of bivalves and Turritella and silt nodules. D) Medium sand including fragmented
bioclasts like bivalves and Turritella up to 3 cm in length. E) Massive medium sand
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containing a large 5 cm bivalve shell and Dentalium. F) Bioturbation in fine to medium
sand. G) Massive fine sand including a large bivalve shell fragment.

Fig. 11.—Photography, schematic facies, lithological description, control age points,
density log, and magnetic susceptibility logs of sediment core LA-48-VC, characterizing
seismic unit PTU 2. A) Silts (facies 3) containing a large well-preserved 5 cm Ostrea
shell. B) Mixture of medium to coarse sand with scattered large bivalve and Turritella
shell fragments up 2 cm in length. C) Medium to fine sand (facies 1). D) Bioclastic layer
hosted in a fine sand interval. E) Massive fine sand of facies 1 including a large bivalve
shell. F, G) Massive medium sand.

Fig. 12.—Photography, schematic facies, lithological description, control age points,
density log, and magnetic susceptibility logs of sediment core LA-18-VC, characterizing
seismic unit PTU 1. A) Massive fine sand of facies 1. B) Medium sand of facies 2 with
abundant fragmented bioclasts including Pecten. C) Erosional surface between fine sandy
(facies 1) and silty facies (facies 2). D) Fine to medium sand of facies 1 showing some
silt laminations. E) Massive fine sand of facies 1 including some granule- to pebble-size
shell fragments. F) Sandy gravels with bivalves and gastropods including a large shell.
G) Massive fine sand of facies 1.

Fig. 13.—Schematic block diagrams and cross sections showing the model of
sedimentary evolution proposed for the formation of a generic transgressive deposit
associated with the postglacial retreat of the Guadiana River mouth. Dashed lines and
blue arrows show the position of sea level in the previous phases. A) Phase of clinoform
body development (i.e., sub-units a), representing the establishment of a coastal regime,
during which shallow-water, coarse-grained river-dominated deltas formed. B) Phase of
delta-top distributary-channel formation following construction of transgressive delta. C)
Phase of infilling of erosional channels (i.e., sub-units b) over the proximal areas of the
clinoforms and fine-grained sediment export to construct distal sediment sheets (i.e., sub-
units c). D) Final evolutionary phase of each transgressive deposit, characterized by
shoreface reworking (i.e., sub-units d) of the previous fluvio-deltaic depositional system.
Fig. 14.—Proposed chronology of transgressive seismic units (including ages of PTU 5
after Lobo et al. 2015) and correlation with the postglacial sea-level pattern (rate of sea-
level change above and amplitude of sea-level change below). The major climatic events
include: Heinrich Event 1 (H1), the Bglling—Allerad warm period (B-A) and the Younger
Dryas (YD) cold period, as well as the timing of Melt-Water Pulses (MWPSs) 1A and 1B
and the 8.2 ka cooling event (in red). Plotted ages are named taking into account the
coring site, the coring technique (VC stands for vibrocoring), and the name of the seismic
unit in which the samples were taken. The estimated water-depth locations of the Gulf of
Cadiz transgressive clinoforms in relation to coeval sea levels are also indicated.

TABLE CAPTION

TABLE 3.—Summary table including the seismic facies, configuration, boundaries, and
acronyms for each seismic sub-unit identified in this study.
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Revised Figure 6
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Figure 9
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Figure 10
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Revised Figure 11
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Figure 12
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Figure 14
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Table 1

TABLE 1.—Summary table of the studied sediment vibrocores, including coordinates, length, and the water depths in

which they were obtained.

Geographic Coordinates Water Core

Unit Core ID Latitude  Longitude depth length

(N) (W) (m) (cm)

PTU4 LA-44-VC 36°59'115 7917429 89 413.6

LA-25-VC 36°58'386  7°14'697 95 483.2

PTU LA-22-VC 37°00'379  7°15'926 77 444.3

3 LA-46-VC 37°00'596  7°17'899 67 399.7

PTU2 LA-48-VC 37°01'560  7°19' 104 70.4 494.8
LA-20-VC 37°01'599  7°16'721 52 70

PTU1 LA-18-VC 37°03'226  7°17'736 41 437.7
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Table 2

TABLE 2.—AMS radiocarbon data obtained on benthic foraminifera and shells in the studied sediment cores. Ages written in italics point out the anomalous results that
provide ages older than expected.

Sampling Relative
Depth in Dgpth I 1 ional cal yr cal yr BP . Area under
Unit Core C0|_re Core in Lab. no Samp_e o°C PMC Conventiona BP (95.4% Medlgp Probability
ID  Section . Core T Material %o Age “CBP  (68.3%, 7" Probability? U
Section (cm) 1s) 25) Distribution
(cm) 1.000°¢
LA- Poz- Fragile 48+ 3421+ 8985 8885
PTUL 18-vC . 62 292.3 78917 valve 1 0.21 8620 50 9179 9284 9080 1
Poz- 33+ 9311+ post post
LA- ! 10 85 78920 Shells 06 032 S75 30 1950°  1950°
20-VC Poz- -22 29.69+ 10409- 10273-
PTU? I 48 46 78921 Shell alone +07 0.19 9760 + 60 10643 10739 10521 1
1(68.3%) &
LA- Poz- - -5+ 20.40.+ 14080— 13983-
48-VC | 88 475.3 78703 Foraminifera 06 018 12740 £ 70 14410 14653 14267 ( 359502 |
Poz- -05 277+ 11180- 11097-
LA i 93 199.5 78916 Shell valves +07 0.19 10310 + 60 11387 11554 11291 1
46-VC -1.18 27.26+ 11347- 11255-
oTUS Il 93 199.5 CNA3837 Shell valves 415 0.13 10441 + 38 11586 11605 11469 1
Poz- 0.7+ 2442+ 12604 12448
LA i 4 136.3 78922 Shell valves 04 0.18 11330 + 60 12747 12830 12679 1
22-VC Poz- - -97 6.73% 24817— 24591
I 92 428.9 78704 Foraminifera +0.6 013 21670 = 160 25256 25496 25039 1
LA- Poz- -1.1 17.04« 16202 15967
PTU4 A4NC I 16 226.4 78923 Shell alone +05 0.15 14210 + 80 16503 16770 16355 1

2 Online program Calib.8.2, which uses the marine20.14c calibration dataset recommended for marine samples limited to 603-50,788 *4C year BP (Heaton et al. 2020; Stuiver

etal. 2021)

b No valid radiocarbon age between 603 and 50779 yrs BP for this calibration curve

¢ Heaton et al. 2020
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Table 3 Revised

Seismic Configuration

Amplitude: High to medium
Configuration: Clinoforms
Geometry: Wedge

Seismic Horizons: SU
Termination: Downlap

Seismic Horizons: 4cl,
4ch

Termination: Toplap/
Concordance/Erosion

Amplitude: Medium to low
Configuration: Transparent to

Seismic Horizons: 4ch,

Seismic Horizons: 4cl

PTU4

PTU2

A - SuU L
4b chaotlg with scattered internal Termination: Termlnatlon._
reflections Onlap/Downla Toplap/Erosion
Geometry: Channel-like infilling p P
. Amplitude: Low Seismic Horizons: SU,
4 e Configuration: Transparent with 4cl Seismic Horizons:4sh,
-‘\’ - ’ scattered internal reflections Termination: Downlap, Termination: Toplap
| - "_;; " " ; Geometry: Sheet-like Onlap
| [ i A
' ‘ Amplitude: Very low ise;]smlc Horizons:4cl, Seismic Horizons: 4rw
4d Configuration: Transparent Termination: Termination:
Geometry: Sheet-like Concordance Concordance/Erosion
Amplitude: High to medium Seismic Horizons: SU, g:rljsmlc ok de
3a Configuration: Clinoforms 4rw Termination: Toplan/
Geometry: Wedge Termination: Downlap Bty - opiap
Amplitude: Medium Seismic Horizons: 3ch Seismic Horizons: 3cl
3b Configuration: Chaotic Termination: Termination:
Geometry: Channel-like infilling Erosion/Onlap/Downlap | Toplap/Erosion
Amplitude: Low Seismic Horizons:3cl, . . i
3d Configuration: SuU ?::;TA‘;:;?ZO"S' Srw,
Chaotic/Transparent Termination: : )
Geometry: Sheet-like Concordance ConegeE /Sl
Amplitude: Medium to low g:l:lsmlc Horizons: SU, Seismic Horizons: 2cl
2a1 Configuration: Clinoforms Termination: Termination: Toplap/
Geometry: Wedge Downlap/Onlap Concordance/Erosion
Amplitude: Low Seismic Horizons: SU, Seismic Horizons: 2cl’
2a2 Configuration: Clinoforms 3rw, 3cl, 2cl Termination: Toplap/
Geometry: Wedge/Mound Termination: Downlap Erosion
Amplitude: Very low - . ,
ian- " Seismic Horizons: 2cl o } i
2 Conﬁgurat'lon. Transpan_ant with Termination: Downlap, Selsmlc I_—iorllzons. 2sh,
scattered internal reflections Onla Termination: Toplap
Geometry: Sheet-like P
Amplitude: Low Seismic Horizons:3cl, Sefteiite e
2d Configuration: Transparent with 2cl’, SU T S———" - .
some internal reflections Termination: Concor danc.e/Erosion
Geometry: Sheet-like Concordance
Amplitude: Low Seismic Horizons: SU, —_ . .
1a1 Configuration: Transparent with 2rw ?Z:;T:;&?Z.I?: sl.aZ;:I
some internal reflections Termination: Downlap/ Concor: danc.e/ErF:)sirt)J n
Geometry: Wedge Onlap
Amplitude: Low-very low B . X L . i ,
1a2 Configuration: Transparent with 1S§|sm|c alorzensiEtt ?::;T:;:;?Z.?g;'a;/d
scattered internal reflections s b :
Geometry: Wedge/Mound Termination: Downlap Erosion
Amplitude: Low to medium
Configuration: Seismic Horizons: 1cl, _ . g
1a3 Chaotic/Transparent with 1cl’, SU, 2rw ?Z:;TAZ&?Z{.J: sl'a1°|
internal reflections Termination: Downlap - opiap
Geometry: Wedge/Mound
Amplitude: Low Seismic Horizons: 2cl’,
1c Configuration: Transparent with 2rw, SU, 1cl, 1cl” Seismic Horizons: 1sh
some internal reflections Termination: Downlap, Termination: Toplap
Geometry: Sheet-like Onlap
Amplitude: Low Seismic Horizons: 1cl”, Seismic Horizons: 1rw
1d Configuration: Transparent with 1sh Termination: .
some internal reflections Termination: Concor danc.e/Erosion
Geometry: Sheet-like Concordance
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