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Submarine canyons play a critical role in continental margin sediment transport,
functioning both as sediment traps and conduits. This study examines the
depositional dynamics of the Motril, Carchuna, and Calahonda canyons in
the northern Alboran Sea (western Mediterranean) to assess their role in
Holocene sediment storage and transfer. Comprehensive sedimentological
and elemental geochemical analyses reveal distinct sedimentation patterns
driven by geomorphology, diverse transport mechanisms, and hydroclimatic
variability. The Motril Canyon primarily functioned as a river-fed sediment
trap, accumulating fine-grained terrigenous material from the Guadalfeo
River. At the same time, the Carchuna Canyon was dominated by longshore
drift and turbidity currents mobilizing coarse-grained sediments. In contrast,
the Calahonda Canyon displays an intermediate behavior, influenced by
alongshore drift and fluvial inputs. The Late Holocene sedimentary record
from the Motril Canyon provides a high-resolution sedimentary archive
of paleoenvironmental changes over the last ∼2000 years Current Era,
reflecting both climatic variability and human-induced landscape alterations.
Four phases are identified based on the relationships between sediment
physical and mineral-chemical characteristics: the Iberian Roman Humid
Period (2600–1600 cal. yr Before Present), characterized by diminished
terrigenous input despite increased late-phase humidity; the Dark Ages
(1500–1000 cal. yr BP), marked by elevated sedimentation linked to soil erosion
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and intensified land use; the Medieval Climate Anomaly (1050–650 cal. yr BP),
where persistent fine-grained deposition was driven largely by anthropogenic
land degradation; and the Little Ice Age (650–150 cal. yr BP), which witnessed
heightened sedimentation due to increased rainfall and river discharge. A
decline in fluvial-derived material during the Industrial Period indicates a
shift towards overall drier conditions, associated with changes in precipitation
patterns and land use. These findings underscore the interplay between natural
climatic fluctuations and human activities influencing western Mediterranean
margin sedimentation. While the Motril Canyon does not serve as a direct
conduit to deep waters, it nonetheless records the progressive aridification
and anthropogenic impacts experienced in southern Iberia. Furthermore, the
contrasting sediment dynamics observed in the Carchuna and Calahonda
canyons highlight the inherent complexity of shelf-to-slope sediment transfer.
This complexity underlines the necessity to consider human influences when
interpreting Late Holocene paleoenvironmental records.

KEYWORDS

submarine canyons, sediment analysis, XRF element ratios, sediment transport, climate
dynamics, Northern Alboran Sea

1 Introduction

Continental shelves and slopes constitute the genetically related
middle segment of source-to-sink systems across continental
margins. They are crucial for understanding land-ocean mass
transfer as they contain a valuable record of sedimentary processes
that have operated at different temporal and spatial scales
(Sømme et al., 2009). The shelf is a key part of the transport pathway
in routing sediments from the catchments to the continental slope,
as it controls the amount of sediment stored versus delivered
(Olariu and Steel, 2009). Submarine canyons are a common
morphological feature in continental margins (e.g., Normark and
Carlson, 2003; Harris and Whiteway, 2011). Their morphology
and evolution result from the interplay of multiple sedimentary,
oceanographic, and tectonic processes. Among the primary
mechanisms controlling submarine canyon formation are turbidity
currents and slope failures, which actively shape their structure
and promote downslope sediment transport (e.g., Shepard, 1981;
Talling et al., 2022).One of themost important processes responsible
for the formation of submarine canyons involves retrogressive
failures leading into the channelization of sediment gravity flows
by pathways of preferential erosion (Pratson and Coakley, 1996).
In active continental margins, tectonic activity and volcanism
also influence canyon morphology and incision patterns (e.g.,
Aiello et al., 2020; Foglini et al., 2025). A variety of processes can
drive the initiation and maintenance of turbidity currents within
canyons, including fluvially derived hyperpycnal flows (Mas et al.,
2010; Martinez-Lamas et al., 2020), storm-induced sediment
remobilization (Paull et al., 2011; Xu et al., 2013; Bosman et al.,
2020), and enhanced off-shelf advection (e.g., Palanques et al.,
2008). In addition, sediment failures involving recently deposited
fluvial material (e.g., Mas et al., 2010) or mass wasting along
canyon flanks (e.g., Micallef et al., 2012) can also trigger gravity
flows. Oceanographic processes such as dense shelf-water cascading
(Palanques et al., 2012; Saldías and Allen, 2020) and internal wave
activity (Puig et al., 2004; 2013; 2014) further contribute to sediment

resuspension, entrainment, and transport within canyons. These
combined mechanisms highlight the complex and dynamic role
that submarine canyons play as the primary conduits for shelf-to-
basin sediment transport (Shepard, 1981; Canals et al., 2004; Piper
and Normark, 2009; Puig et al., 2014; Fisher et al., 2021). They can
also function as sediment traps, accumulating large amounts of
hemipelagic sediments (Carson et al., 1986; Granata et al., 1999;
Liu et al., 2002; Cerrillo-Escoriza et al., 2024a).

Shelf-to-slope sediment transfer via submarine canyons is
thought to be largely favored during sea-level lowstands, as
fluvial systems can directly deliver sediments into canyon heads,
establishing a direct link between fluvial and deep-water systems
(e.g., Mitchum Jr, 1985; Vail, 1987; Posamentier and Vail, 1988;
Mas et al., 2010; Khripounoff et al., 2009; 2012; Migeon et al.,
2012). However, shelf-to-slope sediment transfer may also occur
during highstand periods (Canals et al., 2006; Xu et al., 2008;
Covault and Graham, 2010), as the transfer can also be modulated
by other factors, such as the magnitude of sediment flux or the
distance between the shoreline and canyon heads (Harris and
Whiteway, 2011; Sweet andBlum, 2016; Puig et al., 2017; Tarrés et al.,
2022). Specifically, canyon head connectivity is controlled by the
margin physiography and dimensions (Sømme et al., 2009; Harris
and Whiteway, 2011), as the amount of sediment transferred
from coastal to deep-water environments is enhanced in steep
and narrow shelves (e.g., Bernhardt and Schwanghart, 2021;
Cerrillo-Escoriza et al., 2024b). Submarine canyons with high
activity tend to have a direct connection to terrestrial drainage
systems (Babonneau et al., 2002; Brothers et al., 2013), driving
the channeling of hyperpycnal flows (e.g., Puig et al., 2017;
Talling et al., 2022). This connection is particularly common in
active margin settings characterized by high river discharges (Harris
and Whiteway, 2011; Bernhardt and Schwanghart, 2021).

Shelf-transported sediments may alternatively be trapped in
submarine canyons, depending on the strength and location of
littoral cells or the occurrence of muddy depocenters (e.g., Sweet
and Blum, 2016). Submarine canyons that function as sediment
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traps, accumulating fine-grained sediments from major regional
fluvial sources, tend to have their heads located at few kilometres
from nearby shorelines (e.g., Sweet and Blum, 2016; Cerrillo-
Escoriza et al., 2024a). These fine-grained sedimentary archives
can be used to reconstruct past climatic, oceanographic and
geological conditions (e.g., Gao and Collins, 2014; Bassetti et al.,
2016; Penaud et al., 2020; Mendes et al., 2020). Furthermore,
depositional signals in shallow-water muddy depocenters can
be significantly altered by human activities in the river basins,
including deforestation, forest fires, agriculture, mining and
river damming (e.g., Boone and Worman, 2007; Gonzalez et al.,
2007; Jabaloy-Sánchez et al., 2010; 2014; Mendes et al., 2012;
2015; 2020). These human-induced changes can trigger erosional
regimes in the drainage basins, leading to an increased
imprint of flood events in the sedimentary shelf record (e.g.,
Budillon et al., 2012; Mendes et al., 2020).

The Mediterranean Sea is a delta-forming environment,
characterized by the frequent occurrence of small rivers that
deliver high sediment yields to the coasts, while the receiving
basins are subjected to weak tides and short-fetch wind waves
(e.g., Anthony et al., 2014). The Mediterranean Basin also contains
abundant submarine canyons, which constitute a globally distinctive
population (Figure 1A; Harris and Whiteway, 2011; Amblas et al.,
2018). The distinctiveness of these Mediterranean canyons stems
from the fact that their genesis was influenced by a pronounced sea-
level lowering and desiccation during the Late Miocene Messinian
Salinity Crisis (Hsü et al., 1977; Cita et al., 1978; Harris and
Whiteway, 2011; Roveri et al., 2014; Camerlenghi et al., 2020).
Canyon evolution was also largely driven by erosive density flows
(Bernhardt and Schwanghart, 2021). While sediment transport
and depositional processes in Mediterranean submarine canyons
have been widely studied (e.g., Harris and Whiteway, 2011;
Harris et al., 2014; Amblas et al., 2018; Bernhardt and Schwanghart,
2021), their role in source-to-sink sedimentary processes remains
poorly understood, particularly in the northern Alboran Sea.
The study area, located in the northern margin of the Alboran
Sea, comprises a major deltaic deposit at a regional scale, the
Guadalfeo River submarine delta, which is distally and laterally
associated with a series of submarine valleys including three major
canyons, Motril, Carchuna, and Calahonda (Figure 1B; Cerrillo-
Escoriza et al., 2023). Despite their proximity, the studied canyons
exhibit distinct geomorphological and sedimentary characteristics
(Cerrillo-Escoriza et al., 2024a). The shelf-incised, sinuous Motril
and Calahonda canyons are located ∼2 km offshore, while the
straight Carchuna Canyon dissects the entire shelf (Figure 1B).
Most existing research in the central sector of the northern Alboran
Sea margin has focused either in inland terrestrial records (e.g.,
Jiménez-Moreno et al., 2013; Ramos-Román et al., 2016; 2018;
García-Alix et al., 2018; Ramos-Román et al., 2018) or in deep-
sea sediment cores (e.g., Jiménez-Espejo et al., 2008; Rodrigo-
Gámiz et al., 2011; Ausín et al., 2015; Mesa-Fernández et al.,
2022). However, the role of shelf-incised submarine canyons in
sediment transfer or capture in narrow continental margins remains
understudied. In this work, we present a high temporal resolution,
unique Late Holocene paleoenvironmental archive recorded in the
above mentioned western Mediterranean canyons. Accordingly,
the aims of the present study are: (1) to reveal the different
interactions between coastal sediment sources and canyon heads; (2)

to determine the impact of floods, storm events and recent human
activities on canyon sedimentary infillings; (3) to investigate the
coupling between shelf storage and slope sediment transfer driven
by Late Holocene climatic fluctuations, by comparing our results
with terrestrial and deep-water sediment records.

2 Regional setting

2.1 Geological setting

The Alboran Basin is a narrow, elongated basin situated in the
western Mediterranean Sea (Figures 1A,B). It is regarded as a back-
arc basin formed within the Betics-Rif orogenic belt, where low-
angle normal fault systems contributed to crustal–scale extension.
This basin developed during the early Miocene by the westward
migration of the mountain belt and concomitant extension of
its inner part, in a context of NW-SE convergence between the
African and Eurasian plates (Comas et al., 1999; Do Couto et al.,
2016). Since the Late Tortonian, the Alboran Basin underwent a
tectonic inversion process due to a change in the relative motion
of the African and Eurasian plates. This favored the formation
of a conjugate (compressive) system of strike-slip and reverse
faults, as well as folds and uplift of the basin margins (e.g.,
Comas et al., 1999; Platt et al., 2003; Ballesteros et al., 2008).
During the Late Miocene, a significant sea-level lowering led to the
desiccation of the Mediterranean Sea (i.e., the Messinian Salinity
Crisis). This event exposed most of the basin margins, favoring
subaerial fluvial erosion and the incision of incipient canyons that
were further developed through subsequent submarine erosional
processes (Frey-Martinez et al., 2004;Maillard et al., 2006; Juan et al.,
2016; Gómez de la Peña et al., 2021). The regional compressive
regime persisted throughout theQuaternary, resulting in differential
uplift and subsidence trends along the northern basin margin
(Pérez-Belzuz, 1999; Lobo et al., 2008).

The study area is located in the central sector of the northern
Alboran Sea margin, in the vicinity of the Motril and Calahonda
towns (Figures 1A,B). This sector off the Guadalfeo submarine
delta consists of a narrow, ∼3 km wide shelf deeply incised by
the Motril, Carchuna and Calahonda canyons (Figure 1B). The
geological basement of the Motril-Calahonda sector is composed
of Paleozoic to Triassic schists, quartzites, phyllites, and limestones
(Aldaya, 1981; Figure 1C).

2.2 Morpho-sedimentary setting

In the study area, the coastal sedimentary record is characterized
by Late Pleistocene to Middle Holocene alluvial fans composed of
conglomerates, as well as by sandy Holocene deposits comprising
spit bars and infralittoral prograding wedges, formed by littoral
drift and storm-driven sediment transport processes (Fernández-
Salas et al., 2009; Bárcenas et al., 2011; Ortega-Sánchez et al.,
2014). The Carchuna infralittoral prograding wedge consists of
coarse-grained sediments and is laterally bounded by the Carchuna
Canyon head (Figure 1B; Fernández-Salas et al., 2009; Ortega-
Sánchez et al., 2014).
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FIGURE 1
(A) Location map of the Alboran Sea indicating the location of the study area on the northern margin. Bathymetric grid extracted from GEBCO (2023).
(B) Location map of the study area [the canyons of Motril, Carchuna, and Calahonda, from left to right; modified from Cerrillo-Escoriza et al. (2023)].
Major towns and rivers/ravines are indicated. The location of sediment cores studied in this work (cores VC08, GC26, and GC35) is also shown. The
bathymetric grid was provided by the “Ministerio de Pesca y Cultura,” Spanish Government. (C) Simplified geological map of the Motril-Calahonda
region showing the location of the main towns, rivers, and ravines (adapted from Aldaya, 1981). Bathymetric contours in meters (contour interval 50 m).

Fluvial supply is largely provided by theGuadalfeo River, amajor
regional fluvial system (Figures 1B,C) that has formed a submarine
prodeltaic system west of the Motril Canyon head (Figure 1B;
Jabaloy-Sánchez et al., 2014; Lobo et al., 2015). In addition, two
small streams with torrential discharges during the rainy season
(Puntalón and Gualchos ravines; Figure 1B) also provide sediments
to coastal and shallow-water environments. These small ravines are
short (<20 km), occur in small basins (<120 km2), and have steep
slopes (>3.6°) (Bárcenas et al., 2011).

Deep-water depositional systems in the study area comprise
the Sacratif Turbidite System, which includes the Motril and
Carchuna canyons, and the Calahonda Turbidite System (Cerrillo-
Escoriza et al., 2023; 2024a) (Figure 1B).TheMotril Canyon, located
3 km south-east of the Guadalfeo River mouth, displays a sinuous
morphology across the slope (Figure 1B). The straight Carchuna
Canyon crosses the entire shelf and is located 200 m offCape Sacratif
(Figure 1B). Both canyon systems terminate in large sedimentary
lobes fed by distributary channels (Pérez-Belzuz and Alonso, 2000;
Pérez-Belzuz et al., 2000) with superimposed sediment wave fields
(Muñoz et al., 2017; Cerrillo-Escoriza et al., 2024b). The Calahonda
Canyon, located 2.5 km south of Calahonda town, exhibits a sinuous
valley across the slope, and together with several gullies eroding the
slope, have formed a sedimentary lobe fed by distributary channels
(Figure 1B) (Ercilla et al., 2019).

2.3 Oceanographic regime

The northern Alboran Sea is a microtidal, low-energy wave
environment (e.g., Parrilla and Kinder, 1987). Easterly winds are

more frequent than westerly winds, although waves from the west-
southwest are slightly more energetic (e.g., Jabaloy-Sánchez et al.,
2014). Littoral drift shows substantial variability due to the coastal
morphology andmeteorological conditions (e.g., Stanley et al., 1975;
Bárcenas, 2013). On the shelf, currents show alternating directions
in response to changes in wind dominance (Bárcenas et al., 2011).
Surficial current patterns are influenced by the entrance of Atlantic
waters through the Strait of Gibraltar that circulates eastward at
water depths of 150–250 m (Brankart and Pinardi, 2001; Millot,
2009; 2014). They form the so-called Atlantic Jet, which feeds two
anticyclonic gyres (Western and Eastern Alboran Gyres) (García-
Lafuente et al., 1998; Renault et al., 2012).

The coast in the study area is affected by wave trains coming
from W, WSW, SW, ESE and E, oblique to the main E-W
coastal trend (Ortega-Sánchez et al., 2014). In particular, the
shelf around the Carchuna Canyon head (Figure 1B) exacerbates
coastal swell and storm-related processes, leading to increased
nearshore wave heights, mostly from westerly waves. This, in turn,
triggers long-term coastal erosion due to the concentration of
wave energy (Ortega-Sánchez et al., 2014). Additionally, a distinct
downcanyon bottom flow with velocities ranging between 20
and 30 cm⋅s−1 has been observed within the Carchuna Canyon
(Serrano et al., 2020).

3 Materials and methods

This study is based on a multi-proxy analysis of three sediment
cores (ALS19_VC08, ALS19_GC26, and ALS19_GC35; hereafter
VC08, GC26, and GC35; Figure 1B) collected on board the RV
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Sarmiento de Gamboa during the ALSSOMAR oceanographic
expedition in 2019. The cores were retrieved using vibro corer (VC)
and gravity corer (GC) devices. Core VC08 is 401 cm long and was
collected at 297 m water depth at 36°40.3774′N, 3°31.821′W; core
GC26 is 213 cm long and was obtained at 407 m water depth at
36°038.989′N, 3°028.815′W; and core GC35 is 243 cm long and was
collected at 402.12 m water depth at 36°39.1411′N, 3°024.7561′W.
Onboard, the cores were cut into 1-m sections and refrigerated.
They were analyzed at the University of Vigo (Spain) using a
computed tomography (CT) scanner and then split lengthwise into
two halves (working and archive). Visual core descriptions and non-
destructive sedimentary analyses, such as X-ray fluorescence (XRF)
scanning, were subsequently performed on the archive halves. After
core scanning analyses, both the archive and working halves were
transported for permanent storage at 3°C at the core repository of the
Instituto Andaluz de Ciencias de la Tierra, IACT-CSIC (Spain). The
working halves were subsequently sampled for radiocarbon (14C)
dating, as well as for sedimentological and mineralogical analyses
(see below; Supplementary Tables S1–S3).

3.1 Core chronology

A total of eighteen accelerator mass spectrometry (AMS)
radiocarbon (14C) dates were obtained for the chronology of cores
VC08, GC26, and GC35 (Table 1). The age-depth model of core
VC08 is based on eight AMS 14C radiocarbon dates ofmixed benthic
foraminifera, a piece of wood and mixed bivalve shells (six, one and
one sample, respectively). The age-depth models of cores GC26 and
GC35 are based on four and six AMS 14C dates of mixed benthic
foraminifera, respectively. AMS 14C dating of benthic foraminifera
was performed at the Laboratory of Ion Beam Physics at ETH
Zürich (Switzerland), while a piece of wood and mixed bivalve shell
samples were dated by Beta Analytic Carbon Dating Service (USA).
At ETH Zürich, 14C measurements can be performed on carbonate
samples containing only 0.3–1 mg carbonate. To ensure accuracy,
samples were first leached with 100 mL of 0.02 m HCl for cleaning
to remove any surface contamination of the carbonates (Bard et al.,
2015), before being decomposed in 85% phosphoric acid in septa-
sealed vials (Wacker et al., 2013a). The resulting CO2 was measured
directly using an accelerator mass spectrometer (Wacker et al.,
2010), equipped with a gas ion source (Wacker et al., 2013b) – i.e.,
no graphitisation step is required. All 14C ages were calibrated using
the CALIB Radiocarbon Calibration Program 8.2 (Stuiver et al.,
2021). The MARINE20 calibration curve (Heaton et al., 2020) and
the INTCAL20 calibration curve (Reimer et al., 2020) were used to
convert 14C ages to calendar ages with 2σ precision (Table 1). As
proposed for this region in previous studies [Reimer andMcCormac
(2002) after Siani et al. (2000)] and based on the Marine Reservoir
Correction Database (Reimer and Reimer, 2001), we applied a local
marine reservoir age correction (ΔR) of −28 ± 35 years to all the
marine samples (Table 1).

A linear interpolation based on 14C ages (Table 1) was used to
produce age-depth models (Figure 2), assuming constant and linear
sediment accumulation rates between dated levels. Zero validation
was applied, i.e., projecting the regression line of the uppermost 14C
dating to the core tops. The core top was considered recent (i.e.,

the time of sediment coring at 2019 CE; see Figure 10 in Cerrillo-
Escoriza et al., 2024a). For years given with the notation BP (Before
Present), the zero age is 1950 CE (Current Era). Moreover, we used
Gregorian calendar years (BCE/CE; Before Current Era/Current
Era) for historical ages.

3.2 Sedimentological analysis

Sediment characterization was aided by means of visual
core descriptions and sediment composition analysis. Sediment
characterization included lithology, sediment texture and structure,
sediment color using the Munsell color chart, bioturbation intensity
and grain size.

Macroscopic visual core observations were performed using
(a) high-resolution line scan digital images obtained from
archive halves using an ITRAX X-ray fluorescence (XRF) core
scanner at the Center for Scientific and Technological Support
to Research (CACTI) of the University of Vigo (Spain), and (b)
X-ray computed tomography (CT) images obtained from archive
halves using a HITACHI ECLOS 16 Multislice CT scanner at
the Veterinary Teaching Hospital Rof Codina in Lugo (Spain).
Details on CT acquisition can be found in Mena et al. (2015).
The resulting CT images (∼1800 images per section) were
imported into the image editing software FIJI (ImageJ 2.16.0;
Rueden et al., 2017), which allows the virtual extraction of
longitudinal, transverse and oblique sections. Mean Hounsfield
unit (HU) values were also extracted from the CT images to
calculate sediment density using the following equation: density
(g/cm3) = 8 × 10−4 × HU+1 (Reilly et al., 2017). CT images
were visually examined to identify fine-scale stratigraphic changes
and sedimentary structures in a non-destructive way (e.g.,
Van Daele et al., 2014; Fouinat et al., 2017; Salabarnada et al., 2018;
López-Quirós et al., 2024).

Bulk grain-size distributions were measured in cores VC08,
GC26, and GC35 using a COULTER®LS 13 320 Laser Diffraction
Particle Size Analyzer at the University of Vigo (Spain). Each
analysis was performed on ∼10 g of bulk sediment material
collected every 5 cm (Supplementary Tables S1–S3), providing the
grain size spectra between 0.4 and 2000 μm (clay to sand). The
geometric mean, skewness, kurtosis, and sorting were calculated
using the GRADISTAT 9.0 software (Blott and Pye, 2001) following
the method of Folk and Ward (1957). In addition, the relative
composition of terrigenous and biogenic grains, grain size and
shape were microscopically examined every 25 cm and in selected
levels (Supplementary Tables S1–S3). The selected sampling levels
were chosen based on major sedimentological changes observed
during macroscopic (visual) core descriptions and analysis of
downcore elemental concentrations. Samples were washed with
tap water through a sieve of 63 μm diameter and then dried in
an oven at 40°C. The sand-sized fraction (>63 μm) was analyzed
under a trinocular stereo microscope (StereoBlue EVO). Several
images were taken with a CMEX camera connected to the
stereo microscope and captured with the ImageFocus software.
For further investigation on grain composition, X-ray powder
diffraction (XRPD) was performed on the same low-resolution
sampling levels (Supplementary Tables S1–S3) to determine the
average bulk (mineral) composition. For XRPD determinations,
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FIGURE 2
Age-depth models of sediment cores (A) VC08, (B) GC26 and (C) GC35 based on AMS 14C dates. The shaded areas illustrate the 2σ uncertainty range.
Note that calculated mean sedimentation rates are indicated in cm/yr. From left to right: high-resolution digital images, CT scans, graphic lithological
logs and age models. RHIP, Roman Humid Iberian Period; DA, Dark Ages; MCA, Medieval Climate Anomaly; LIA, Little Ice Age.

selected sediment samples were hand ground using an agate mortar,
and then analyzed with a PANalytical X’Pert Pro diffractometer
(CuKα radiation, 45 kV, 40 mA) equipped with a RTMS X’Celerator
solid-state detector (InstitutoAndaluz deCiencias de la Tierra, IACT-
CSIC, Spain). Samples were scanned in the 2θ range from 3° to
69.9°, with a step size of 0.0084° (2θ)/s. The counting time was

set at 11 min per sample. Diffraction data were analyzed using the
HighScore software.

Carbonate (CaCO3) content was also measured in core VC08
and compared against XRF core scanner data (see below). Sediment
samples were collected at 10 cm intervals (Supplementary Table S1),
with macroscopic shells removed to ensure representative carbonate
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values. Samples were freeze-dried for 2–3 days at the Department of
Stratigraphy and Paleontology of the University of Granada (Spain),
and then hand-ground to a homogeneous powder using an agate
mortar.The initial sample dry weight was recorded before carbonate
dissolution. To determine the carbonate content, the samples were
treated with 1M hydrochloric acid (HCl) until the reaction ceased.
The acid-treated samples were left to stand for 24 h and subsequently
washed with deionized H2O via centrifugation for multiple cycles at
2500 rpm to remove any residual acid. Samples were then freeze-
dried and reweighed, with weight loss used to calculate sediment
CaCO3 content.

3.3 Geochemical and physical analysis

Downcore elemental concentrations were measured on core
surfaces of the archive halves at 5-mm interval resolution using
an ITRAX X-ray fluorescence (XRF) core scanner equipped with
a molybdenum X-ray tube at the CACTI (University of Vigo,
Spain). Core sections were scanned using a voltage of 30 kV, a
current of 55 mA and an exposure time of 20 s. XRF spectral
data were processed using Q-spec 8.6.0 spectral analysis software,
which applied a standard fitting procedure to the original spectra
(Croudace et al., 2006).The results of the XRF scanning are provided
as element intensities in total counts per second (cps), which
are relative to the real chemical concentration of the measured
elements (e.g., Weltje and Tjallingii, 2008). Magnetic susceptibility
(MS) was measured at 1-cm interval resolution using a Bartington
MS3 fitted within the ITRAX core scanner. The measured MS is a
volume magnetic susceptibility (χ) with units of 10−5 SI. For this
study, besides MS, we report the following elements and elemental
ratios: silica (Si), potassium (K), titanium (Ti), aluminum (Al),
iron (Fe), bromine (Br), and calcium (Ca), as well as the Rb/Zr,
Br/Ti, Fe/Ca, Ti/Ca, and Sr/Ca ratios. Additionally, measurements
of molybdenum (Mo) incoherent and coherent scattering (inc/coh)
were reported.

Elemental counts of Si, K, Ti, and Al, frequently used as
proxies for variations in terrigenous sediment input (e.g., Rothwell
and Croudace, 2015; Salabarnada et al., 2018; Evangelinos et al.,
2020; López-Quirós et al., 2021; 2024), have been plotted against
lithological logs to assess variations in terrigenous sediment
supply (Figure 1B). Those elements are considered to be indicative
of variations in precipitation and/or runoff. For example, Ti
is mostly found in minerals associated with sand and silt; K
is a major component of clay minerals such as illite or in K-
feldspar, and is mainly transported to marine environments by
riverine runoff. Similarly, elemental counts of Fe have been used
as tracers of terrestrial detrital input (Rothwell and Croudace,
2015). Elemental counts of Ca and strontium (Sr) have been
frequently used as indicators of marine biogenic material as they
reflect the biogenic carbonate sediment content (Zaragosi et al.,
2006; Rothwell and Croudace, 2015). Elemental counts of Br are
reported as sensitive indicators of organic matter in sediments
and of paleoproductivity (Ziegler et al., 2008; Ziegler et al.,
2010; Caley et al., 2011). The distribution of terrigenous and
biogenic elements is expected to show anti-correlative patterns
(e.g., Rothwell and Croudace, 2015; Mendes et al., 2020;
López-Quirós et al., 2021; 2024).

Rb/Zr ratios are sensitive to grain-size variations within the
terrigenous fraction, as Rb resides mainly in clay minerals and
Zr in coarser grains (Salabarnada et al., 2018; Mendes et al.,
2020). Fe/Ca and Ti/Ca ratios have been largely reported as
tracers of terrigenous vs biogenic CaCO3 and/or of riverine input
(e.g., Dickson et al., 2010; Steinke et al., 2014; Liu et al., 2016;
Mendes et al., 2020; Mesa-Fernández et al., 2022). In the Alboran
Sea, Ti/Ca ratios have also been attributed to tracers of Saharan
eolian dust input versus productivity (e.g., Bouimetarhan et al., 2013;
López-González et al., 2019). In contrast, Mesa-Fernández et al.
(2022) recently argued that Ti/Ca ratios are not reliable eolian
proxies for the Alboran Sea, as the eolian input does not control
the relative variations between terrigenous and carbonate inputs
in the western Mediterranean Basin. Additionally, more specific
interpretations concerning terrigenous input versus productivity
have been used. For instance, Br/Ti ratios are used as indicators
of organic matter in sediments and of paleoproductivity (e.g.,
Bahr et al., 2014; Salabarnada et al., 2018; Evangelinos et al.,
2020; López-Quirós et al., 2021). Sr/Ca ratios have been used to
distinguish between biogenic and detrital carbonate, as Ca can be
supplied from both biogenic precipitation and from terrigenous
sources such as feldspars and clay minerals. Therefore, co-variation
of Ca and Sr is likely to indicate that Ca is mainly derived from
biogenic precipitation (e.g., Hillaire-Marcel and De Vernal, 2007).
In addition, Sr/Ca ratios have been used as tracers of aragonite, as Sr
is favorably incorporated into aragonite, and are hence potentially
useful in distinguishing foraminiferal calcite from bivalve and/or
gastropod aragonite (e.g., Rothwell et al., 2006;Thomson et al., 2006;
Hodell et al., 2008; Grove et al., 2010).

Mo (inc/coh) ratio has been used as indicator of
organic matter content in sediments (e.g., Sáez et al., 2009;
Chawchai et al., 2016; López-Quirós et al., 2024). The Mo inc/coh
scattering ratio depends on the average atomic number of the
materials in the sediment. For example, organic carbon has a
lower average atomic number than silica, aluminosilicate and
carbonate minerals.

3.4 Basis for sediment unit distinction

Sedimentary units were defined by integrating visual core
descriptions with major variations in downcore physical properties
(magnetic susceptibility and density) and geochemical composition
(XRF). To strengthen the correlation between these visual core
characteristics/physical properties and the geochemical signature of
the sediments, a principal component analysis (PCA) was applied to
the XRF datasets (Supplementary Figure S1). Data standardization
by subtracting the mean and dividing by the standard deviation
was performed before PCA analyses. PCA analyses of the XRF
dataset reduced the dimensionality of the data scatter and
variability to principal components (e.g., Evangelinos et al., 2020).
The PCA analyses, performed using a correlation matrix in
PAST–PAlaeontological STatistics 4.03 software (Hammer et al.,
2001), enhanced the identification of distinct sedimentary units
based on the combined variability in sedimentological/physical and
geochemical characteristics.

After integration with our 14C results, these sedimentary units
broadly coincide with the last four historical climatic periods
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described by Moreno et al. (2012) over the past 2000 years
(Supplementary Figure S1). Consequently, the units defined here do
not strictly correspond to conventional lithological units, which are
based primarily on visual core features, nor to sedimentary facies,
which are linked to specific depositional environments (Tucker,
2001). Instead, they represent an integrated classification based
on downcore proxy relationships, correlation matrices and
chronological markers that record intervals of significant climatic
and environmental change through time.

4 Results

4.1 Age model and sedimentation rates

A14C date of ca. 2025 cal. yr BP (76 BCE) obtained at the base of
coreVC08 (Motril Canyon) indicates that this core records the entire
Common Era (Table 1), covering the last four historical climatic
periods: the Little Ice Age (LIA), the Medieval Climate Anomaly
(MCA), the Dark Ages (DA), and the Roman Humid Iberian Period
(RHIP) (Moreno et al., 2012). Two periods of high sedimentation
rate occurred: from ca. 1016 to ca. 936 cal. yr BP (934–1014 CE)
with a rate of 1.28 cm/yr, and from ca. 385 cal. yr BP (1565 CE) to
Recent times, ranging from0.44 to 0.22 cm/yr (Figure 2A). AtVC08,
however, and based on interpreted sediment features (see Section 5),
we consider the 14C date of ca. 15053 cal. yr BP obtained at 100 cm
depth (Figure 2A; Table 1) to be unreliable, as the sediment interval
is likely to have been redeposited and/or reworked. In addition, the
14C date obtained at 64 cm depth using a piece of wood (1411 CE)
appears anomalously old compared to the foraminifer-based dates
from the intervals above (1836 CE) and below (1565 CE) (Figure 2A;
Table 1). This reversal age may be due to the well-known “old wood”
effect (Bowman, 1990; Kim et al., 2019).

Core GC26 (Carchuna Canyon) covers the period from ca.
454 cal. yr BP (1494 CE) onwards and shows consistently high
sedimentation rates (Figure 2B; Table 1).The highest rate, 1.2 cm/yr,
occurred from ca. 454 to ca. 358 cal. yr BP (1494–1565CE), followed
by relatively high, stable rates of ∼0.20 cm/yr, persisting to Recent
times (Figure 2B). At GC26, however, an age offset is observed
between the 14C dates obtained at 135 cm depth (117 CE) and
90 cm depth (358 CE) (Figure 2B; Table 1). Given the stratigraphic
position of these intervals, the presence of younger carbon at depth
in the sedimentary column cannot be explained by redeposition or
sediment reworking. Based on the interpreted sediment features (see
Section 5), the most plausible explanation is related to the effect of
bioturbation, whereby younger carbon was introduced into deeper
layers, locally altering the age-depth model (e.g., Boudreau, 1998).

A14C date of ca. 6110 cal. yr BP (4161 BCE) obtained at the
base of core GC35 (Calahonda Canyon) indicates that this core
covers from the mid-Holocene to Recent times (Table 1). Low
sedimentation rates (0.018–0.065 cm/yr) were recorded from ca.
6110 to ca. 217 cal. yr BP (4161 BCE – 1733 CE). However, a
period of increased sedimentation rate (0.24–0.30 cm/yr) occurred
from ca. 217 cal. yr BP (1733 CE) to Recent times (Figure 2C).
Similarly to core GC26, an age offset is observed in GC35
between the 14C dates at 95 cm depth (1811 CE) and 80 cm depth
(1733 CE) (Figure 2C; Table 1), likely due to bioturbation mixing
depth (e.g., Boudreau, 1998).

4.2 Sedimentological and geochemical
records

4.2.1 Motril Canyon
Sedimentological and geochemical analyses of VC08 revealed

five distinct units (Units V to I, from bottom to top; Figure 3)
corresponding to the last four historical climate periods and/or
transitions up to Recent times (Moreno et al., 2012): RHIP, DA,
MCA, and LIA (Figures 2A, 3).

The lowermost Unit V (400–325 cm below sea floor, bsf) covers
almost the entire RHIP (from ca. 2025 to 1504 cal yr BP, i.e.,
from 76 BCE to 446 CE) and likely the lower DA (Figure 3). This
unit is composed of brownish light green mud and silty mud,
with subtle variations of the coarse and fine fractions, showing an
upward coarsening trend, with no primary sedimentary structures
(Figure 3). An increase of the sand fraction is observed at the upper
part of the unit (348–335 cm bsf) (Figure 3). Sediments in Unit V
are poorly to very poorly sorted, and consist largely of terrigenous
components, including sub-angular grains of quartz and K-feldspar,
plagioclase and muscovite. Also, bioclasts, primarily benthic
foraminiferal and mollusk (bivalve/gastropods) shells, as well as
mottling indicative of bioturbation, were observed throughout the
unit (Figures 3, 4A,B). Terrigenous elements (Si, K, Al, Ti, and
Fe) display an overall upward decreasing trend up to 377 cm
bsf, followed by a prominent, fluctuating upward increasing trend
towards the top unit (Figure 3). In contrast, Ca exhibits an overall
upward increasing trend up to 350 cm bsf, followed by a decreasing
trend towards the top unit.Notably, twomajor fluctuations at around
349 and 336 cm bsf coincide with low values in terrigenous elements
and Ca (Figure 3). Fe/Ca and Ti/Ca ratios follow similar trends than
terrigenous elements. However, where terrigenous elements exhibit
low values, Fe/Ca and Ti/Ca ratios show high values (Figure 3). In
contrast, Br and Br/Ti ratios, as well as Mo (inc/coh) ratio display
anticorrelated trends with terrigenous elements (Figure 3). Besides,
Sr/Ca ratio displays no significant variability apart from notable
peaks that also correlate with peaks in Fe/Ca, Ti/Ca and Br/Ti
ratios (Figure 3).

Unit IV (325–265 cm bsf) spans the upper DA, including the
DA-MCA transition, which occurred before ca. 1014 cal yr BP (i.e.,
before 934 CE; Figures 2A, 3). This unit is composed of brownish
light green mud/silty mud, with a homogeneous composition of
the coarse and fine fractions. Unit IV contains slightly lower sand
contents than Unit V (Figure 3). Unit IV has a mottled appearance
indicative of bioturbation and lacks primary sedimentary structures
(Figure 3). Sediments in this unit are poorly sorted and are mainly
composed of terrigenous components such as quartz and K-
feldspar grains, plagioclase and mica. Bioclastic elements, including
foraminiferal and mollusk shells, are also present. In contrast,
this unit displays higher abundances of foraminiferal and mollusk
shells than Unit V. Terrigenous elements (Si, K, Al, Ti, and Fe)
and Rb/Zr, Fe/Ca, and Ti/Ca ratios, as well as Mo (inc/coh) ratio
exhibit upward increasing trendswithmoderate to high fluctuations.
In contrast, Ca, Br, and Br/Ti ratios display weak anticorrelated
trends with terrigenous elements and Fe/Ca and Ti/Ca ratios.
Sr/Ca ratio exhibits no significant variability, except for some
subtle peaks that correlate with peaks in Fe/Ca, Ti/Ca, and Br/Ti
ratios (Figure 3).
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FIGURE 3
Detailed stratigraphic log of vibrocorer VC08. From left to right: high-resolution digital image with calibrated radiocarbon ages (14C cal. yr BP and
corresponding Gregorian calendar years (BCE/CE) notation), CT scan, simplified graphic lithological log, grain size, including particle frequency (vol%)
distribution, and upward variations in magnetic susceptibility (MS), density, clay content (%) from grain size analysis, CaCO3 (wt%), and selected
XRF-scan data (Si, K, Al, Ti, Fe, Br, Ca, Mo and Rb/Zr, Br/Ti, Fe/Ca, Ti/Ca, and Sr/Ca ratios). Note that sedimentary units with interpreted climatic
conditions are also included. Blue shading highlights the wettest periods/intervals, with dark blue bands indicating potential flood deposits.

Unit III (265–140 cm bsf) spans the entire MCA, including
the MCA-LIA transition, which occurred before ca. 385 cal yr BP
(i.e., before 1565 CE; Figures 2A, 3). This unit consists of brownish
light green mud and silty mud, characterized by a weak upward
coarsening trend (Figure 3). However, a significant increase of
the sand fraction was observed in the upper part of the unit
from 158 to 150 cm bsf (Figure 3). Sediments within unit III are
poorly sorted, composed largely of terrigenous components such as
quartz, K-feldspar, plagioclase, andmica grains. Bioclastic elements,
including foraminiferal and mollusk shells, are also present. Unit
III also has a mottled appearance indicative of bioturbation

and lacks primary sedimentary structures (Figure 3). Terrigenous
elements such as Si, K, Al, Ti, and Fe display very weak upward
decreasing trends with moderate fluctuations, although the values
are lower than the underlying Unit IV (Figure 3). In contrast, Ca
displays no significant upward variability but shows higher values
than the underlying sediments (Figure 3). Likewise, Mo (inc/coh)
ratio, despite exhibiting minor fluctuations, displays no significant
variability (Figure 3). Fe/Ca and Ti/Ca ratios display comparable
trends to terrigenous elements.However, when terrigenous elements
exhibit low values, Fe/Ca and Ti/Ca ratios show correspondingly
high values (Figure 3). In contrast, Br and Br/Ti ratio display
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FIGURE 4
Simplified graphic lithological logs accompanied by detailed sedimentological observations at the studied sediment cores VC08 (Motril Canyon), GC26
(Carchuna Canyon) and GC35 (Calahonda Canyon). (A) Graphic log of VC08 including high-resolution digital image of the core and its CT scan. The
squared areas (1, 2, and 3) correspond to enlarged CT scan images displaying detailed sedimentological features (grouped in B). (B) Enlarged views of
the marked areas in (A) showing the mottled appearance indicative of bioturbation and absence of primary sedimentary structures (B-1, B-2, and B-3).
An additional enlarged area from B-3 is included, along with selected XRF-scan data and the stratigraphic sample position. A representative X-ray
diffraction pattern of bulk sediments from a selected sample (VC08_20a) and the corresponding photomicrograph of the coarse fraction (>63 μm) are
also included. Sediment intervals interpreted as flood deposits are highlighted in blue. (C) Graphic log of GC26 including high-resolution digital image
of the core and its CT scan. The squared areas (4, 5, 6, and 7) correspond to enlarged CT scan images displaying detailed sedimentological features
(grouped in D). (D) Enlarged views of the marked areas in C displaying bioturbation (D-4) and sedimentary structures such as convoluted and wavy
laminae (D-5, D-6, and D-7). Enlarged picture in D-7 also includes stratigraphic sample position, with an example of a characteristic X-ray diffraction
pattern of bulk sediments from a selected sample (GC26_14a) and the corresponding photomicrograph of the coarse fraction (>63 μm). These samples
correspond to intervals interpreted as thin-bedded sandy turbidites. For comparison, the (104) diffraction peak of calcite from sample GC26_13 is
superimposed on the GC26_14a pattern. (E) Graphic log of GC35 including high-resolution digital image of the core and its CT scan, with squared
areas (8, 9, 6, and 10) corresponding to enlarged CT scan images displaying detailed sedimentological features (grouped in F). (F) Enlarged views of the
marked areas in E showing a mottled appearance indicative of bioturbation and sedimentary structures such as wavy laminae (F-8, F-9, and F-10).
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anticorrelated trends with terrigenous elements (Figure 3). Besides,
Sr/Ca ratio displays no significant variability apart from some
peaks which also correspond to peaks in Fe/Ca, Ti/Ca, and
Br/Ti ratios (Figure 3).

Unit II (140–33 cm bsf) covers the entire LIA (from ca. 385
to 114 cal yr BP, i.e., from 1565 to 1836 CE; Figures 2A, 3). Unit
II, composed of brownish light green mud/silty mud, exhibits a
weak fining-upward trend, with interbedded sandy intervals from
118 to 62 cm bsf (Figure 3). Unit II has a mottled appearance
indicative of bioturbation and lacks primary sedimentary structures
(Figures 3, 4A,B). Sediments within this unit are poorly to very
poorly sorted, with a significant relationship between sorting
and mean grain size. The cumulative frequency curves display
a dominant bottom-up trend in suspended load deposition, but
also feature interbedded fluctuations characterized by reduced
suspended load and increased saltation load (Figure 5). These
fluctuations coincide with peaks in elemental ratios such as Fe/Ca
and Sr/Ca, but are anticorrelated with terrigenous elements (Si,
K, and Ti) and elemental counts in Ca (Figures 3, 5A). Sediment
composition in Unit II is similar to the underlying units, consisting
largely of terrigenous components such as quartz and K-feldspar
grains, plagioclase, and muscovite, as well as bioclasts including
foraminiferal, bivalve, and gastropod shells (Figures 3, 4A,B). The
abundance of bioclastic components, including shell fragments, is
considerably higher within the interbedded sandy layers (Figures 3,
4A,B), where the cumulative frequency curves show an increased
proportion of saltation loads (Figures 5A,B). Terrigenous elements
(Si, K, Al, Ti, and Fe) exhibit a weak upward increasing trend,
displaying higher values with larger fluctuations than the underlying
Unit III up to 70 cm bsf (Figure 3). The values of terrigenous
elements decrease upward to 50 cm bsf and then slightly increase
towards the upper part of the unit (Figure 3). Similarly, Fe/Ca,
Ti/Ca, and Sr/Ca ratios show an overall upward increasing trend
up to 65 cm bsf, followed by an upward decreasing trend (Figure 3).
Conversely, Br, Br/Ti and Mo (inc/coh) ratios exhibit anticorrelated
trends with Fe/Ca and Ti/Ca ratios up to 65 cm bsf, where their
trends align (Figure 3). In addition, elemental counts of Ca display
an anticorrelated trend with Fe/Ca, Ti/Ca, and Sr/Ca (Figure 3).

The uppermostUnit I (33–0 cmbsf) spans from around 1836CE
to the time of sediment coring (Figure 2A; Cerrillo-Escoriza et al.,
2024a). Unit I is composed of mud and silty mud and exhibits
an upward coarsening trend (Figure 3). In addition, an increase
of the sand fraction is observed in the uppermost part of the
unit (20–4 cm bsf; Figure 3). Sediments are poorly to very poorly
sorted and consist largely of terrigenous and bioclastic components.
Terrigenous elements (Si, K, Al, Ti, and Fe) and Ca display a
weak fluctuating decreasing trend up to 4 cm bsf, followed by a
subtle increasing trend towards the unit top (Figure 3). A noticeable
fluctuation in this decreasing trend is observed at the bottom of the
unit at 30 cm bsf, coinciding with a low peak in terrigenous elements
and Ca (Figure 3). Conversely, Fe/Ca and Ti/Ca ratios display no
significant variability, although a high peak coinciding with the
low peak in terrigenous elements and Ca is observed (Figure 3). In
contrast, Br and Br/Ti ratio, and likely Mo (inc/coh) ratio, exhibit
an overall upward increasing trend (Figure 3). Additionally, Sr/Ca
ratio shows no significant variability except for a high peak observed
at 30 cm bsf, which also corresponds to peaks in Fe/Ca, Ti/Ca, and
Br/Ti ratios (Figure 3).

4.2.2 Carchuna Canyon
Sedimentological and geochemical analyses of GC26 revealed

two distinct units (Unit II and Unit I, from bottom to top; Figure 6),
corresponding to the last two climatic periods over the last ∼600
years. The first is the LIA from 650 to 150 cal. yr BP, and the
second is the Industrial Period (IP; 150 cal yr BP–time of coring)
(Figures 2B, 6).

Unit II (207–38 cm bsf) spans the entire LIA, covering at least
from 454 to <100 cal. yr BP (i.e., from 1494 to <1850 CE; Figures 2B,
6). Unit II is composed of brownish green sandy/silty mud with
interbedded sandy-rich intervals up to 25 cm thick (Figures 4C,D,
6). A weak fining upward trend is observed from 138 cm bsf
towards the top of the unit, in agreement with clay (%) trends and
Rb/Zr ratio (Figure 6). The sandy-to-silty mud sediments of Unit
II are poorly to very poorly sorted, consisting predominantly of
terrigenous components (Figure 6), including sub-angular grains of
quartz, K-feldspar, plagioclase, and muscovite, along with bioclasts
such as foraminiferal, bivalve, and gastropod shells (Figures 4C,D).
These sediments exhibit a mottled appearance and the presence
of burrows, indicating bioturbation, and lack primary sedimentary
structures (Figures 4C,D). The interbedded sandy-rich intervals
display sharp boundaries with the massive muddy sediments,
with grain size gradually decreasing towards the top, forming
fining-upward sequences (Figure 6). These sandy intervals exhibit
sedimentary structures such as convoluted and wavy laminae.
Convoluted laminae, primarily composed of fine-grained sands,
often appear deforming the surrounding bioturbated, muddy
sediments, exhibiting a distorted internal structure (Figures 4C,D).
These intervals generally lackwell-organized internal features, ripple
marks are seldom observed, and wavy laminations are poorly
developed or distorted (Figures 4C,D). The sandy-rich intervals
also contain carbonate rock fragments and plant debris, along with
minor proportions of bioclasts (Figure 4D). Terrigenous elements
(Si, K, Al, Ti, and Fe) exhibit high values, interrupted by short-
term fluctuations featuring lower values (Figure 6). Fe/Ca, Ti/Ca,
and Sr/Ca ratios remain moderately constant up to 145 cm bsf,
where they increase upward with short-term fluctuations (Figure 6).
Conversely, elemental counts of Br, Br/Ti, and Mo (inc/coh) ratios
exhibit anticorrelated trends with Fe/Ca and Ti/Ca ratios (Figure 6).
Moreover, the elemental counts of Ca decrease from the unit bottom
to 136 cm bsf, followed by moderate, nearly constant values towards
the unit top (Figure 6). At the base of the sandy-rich intervals,
there are notable decreases of clay (%), terrigenous elements (Si,
K, Al, Ti, and Fe), Rb/Zr, Fe/Ca, Ti/Ca and Sr/Ca ratios (Figure 6).
Similarly, Br, Br/Ti and Mo (inc/coh) ratios show small decreases
(Figure 6). In contrast, these basal intervals are characterized by
high peaks in Ca counts (Figure 6) and higher proportions of
calcite (Figure 4D).

The uppermost Unit I (38–0 cm bsf) spans the most recent
period, from <1980 CE to the time of sediment coring (Figure 2B;
Cerrillo-Escoriza et al., 2024a). This unit, also composed of
bioturbated, brownish green silty muds, shows a slight fining-
upward trend above a sandy-rich basal interval (Figure 6).
The sandy-rich interval is similar to those in the underlying
Unit II (Figure 6) and exhibits sedimentary structures such as
convoluted laminae (Figures 4C,D). These convoluted laminae,
primarily composed of fine-grained sands, appears deforming
the surrounding bioturbated muds, resulting in a chaotic internal
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FIGURE 5
(A) Detailed CT scan of sediment core VC08 Unit II with sample locations for grain size analysis and selected XRF-scan data (complete log in Figure 3).
Sediment intervals interpreted as flood deposits are highlighted in blue. (B) Cumulative frequency curves for each mean grain-size division of the
selected samples (VC08_17–20) in A. These curves display a change in the dominant transport process (suspended vs saltation load), as shown by a
shift in the curve trend. This shift coincides with the interpreted flood intervals.

structure (Figures 4C,D). Sediments are poorly to very poorly
sorted and consist largely of terrigenous and bioclastic components.
Terrigenous elements (Si, K, Al, Ti, and Fe) and Ca exhibit higher
values than in Unit II and a nearly constant upward trend (Figure 6).
Similarly, Rb/Zr, Fe/Ca, Ti/Ca, and Sr/Ca ratios have constant values
(Figure 6). In contrast, Br and Br/Ti and Mo (inc/coh) ratios exhibit
an overall upward increasing trend towards the top, despite minor
fluctuations (Figure 6).

4.2.3 Calahonda Canyon
Sedimentological and geochemical analyses of GC35 revealed

five distinct units (Units V to I, from bottom to top; Figure 7).
Despite some age uncertainties due to radiocarbon dating
limitations, these units encompass the last four historical climate
periods and/or transitions up to Recent times: RHIP, DA, MCA,
and LIA (Figures 2C, 7). Unit V, however, extends beyond the RHIP
and covers a broader time frame from ∼4161 years BP. The RHIP is
included in the upper part of Unit V (Figure 7).

The lowermost Unit V (235–144 cm bsf), with uncertainties due
to limited 14C dates, spans from ca. 6,110 to <1,138 cal yr BP (i.e.,
from 4,161 BCE to <812 CE; Figures 2C, 7). This unit is composed
of brownish-to-brownish light green silty mud and contains three
coarsening-upward intervals, with very rare primary sedimentary
structures (Figure 7). Sediments along Unit V are poorly to very
poorly sorted, and consist of terrigenous components, including
grains of quartz, K-feldspar, plagioclase and muscovite. In addition,
bioclasts such as foraminiferal, bivalve and gastropod shells, as well
as mottling indicative of bioturbation (Figures 7, 4E,F), are observed
throughout the unit. Terrigenous elements (Si, K, Al, Ti and Fe),
clay (%), Ca, and Rb/Zr, Fe/Ca, Ti/Ca, and Sr/Ca ratios exhibit
high values with minor short-term fluctuations (Figure 7). Major
fluctuations roughly coincide with the coarsening-upward intervals.

Similarly, Br and Br/Ti and Mo (inc/coh) ratios remain stable but
slightly fluctuating (Figure 7).

Unit IV (144–125 cm bsf) likely covers the DA (Figures 2C, 7).
This unit is composed of brownish light green mud/silty mud with
homogeneous composition of the coarse and fine fractions. This
unit is poorly sorted, largely composed of terrigenous components
alongwith foraminiferal andmollusk shells, and it exhibits amottled
appearance lacking primary sedimentary structures (Figure 7).
Likewise, terrigenous elements (Si, K, Al, Ti, and Fe), Br and
Rb/Zr, Br/Ti, and Sr/Ca Mo (inc/coh) ratios display a relatively
stable and homogeneous trend (Figure 7). Conversely, Fe/Ca and
Ti/Ca ratios show an upward increasing trend. Elemental counts
of Ca display an anticorrelated trend with Fe/Ca and Ti/Ca
ratios (Figure 7).

Unit III (125–95 cm bsf) likely covers the MCA (Figures 2C,
7). This unit is composed of brownish light green mud. Similar to
underlying Unit IV, this unit is poorly sorted, largely composed of
terrigenous components along with shell bioclasts, and it exhibits
a mottled appearance with no primary sedimentary structures
(Figure 7). Unit III exhibits constant geochemical values (Figure 7).

Unit II (95–25 cm bsf) spans the LIA (Figures 2C, 7). This unit
consists of bioturbated brownish green mud/silty mud, exhibiting
a weak fining-upward trend from a sandy-rich basal interval up
to 65 cm bsf. Above 65 cm bsf, a weak coarsening-upward trend
is observed, accompanied by interbedded coarse-grained intervals
from 44 cm bsf to the top (Figure 7). Sediments of Unit II are poorly
sorted, primarily composed of terrigenous components, along with
shell bioclasts. Abundance of bioclastic components is higher within
the coarse-grained intervals. The unit exhibits a mottled appearance
indicative of bioturbation and lacks primary sedimentary structures
(Figures 4E,F, 7). Terrigenous elements (Si, K, Al, Ti, and Fe), Ca and
Rb/Zr display high values with minor, short-term fluctuations up to
44 cm bsf, above which they slightly decrease towards the unit top,
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FIGURE 6
Detailed stratigraphic log of gravity core GC26. From left to right: high-resolution digital image with calibrated radiocarbon ages (14C cal. yr BP, and
corresponding Gregorian calendar years (BCE/CE) notation), CT scan, simplified graphic lithological log, grain size, including particle frequency (vol. %)
distribution, and upward variations in magnetic susceptibility (MS), density, clay content (%) from grain size analysis, and selected XRF-scan data (Si, K,
Al, Ti, Fe, Br, Ca, Mo and Rb/Zr, Br/Ti, Fe/Ca, Ti/Ca, and Sr/Ca ratios). Sedimentary unit notation is also included, with interpretative deposits such as
turbidite-rich intervals highlighted in grey.

with a pronounced decrease in Rb/Zr ratio (Figure 7). Conversely,
Fe/Ca, Ti/Ca, and Sr/Ca ratios display an upward increasing trend,
as Br, Br/Ti, and Mo (inc/coh) ratios (Figure 7). Furthermore,
significant fluctuations occur within the coarse-grained intervals
from 44 cm bsf to the top of the unit (Figure 7).

Unit I (25–0 cm bsf) spans the most recent period, from
<1880 CE to the time of sediment coring (Figure 2C; Cerrillo-
Escoriza et al., 2024a). The sediments at the core top consist
of mud/silty mud exhibiting a weak fining-upward trend. This
unit is also poorly sorted, largely composed of terrigenous
components along with shell bioclasts, and exhibits a mottled
appearancewith rare occurrences of primary sedimentary structures
(Figures 4E,F, 7). Geochemical proxies display a relatively constant,
yet fluctuating trend (Figure 7).

5 Interpretation and discussion

5.1 Depositional environments: differences
between canyons

Marked differences between the Motril, Carchuna,
and Calahonda canyon depositional environments
are found (Figures 1B,C), likely triggered by distinct
fluvial, hydrodynamic and sediment transport influences, as
discussed below.

5.1.1 The Motril Canyon: a recent sediment trap
In the Motril Canyon, sedimentation over the last ∼2000 years

BP was dominated by muddy, fine-grained sediments with high
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FIGURE 7
Detailed stratigraphic log of gravity core GC35. From left to right: high-resolution digital image with calibrated radiocarbon ages (14C cal. yr BP, and
corresponding Gregorian calendar years (BCE/CE) notation), CT scan, simplified graphic lithological log, grain size, including particle frequency (vol. %)
distribution, and bottom-up variations in magnetic susceptibility (MS), density, clay content (%) from grain size analysis, and selected XRF-scan data (Si,
K, Al, Ti, Fe, Br, Ca, Mo and Rb/Zr, Br/Ti, Fe/Ca, Ti/Ca, and Sr/Ca ratios). Note that sedimentary units with interpreted climatic conditions are also
included. Blue shading highlights the wettest periods/intervals, with dark blue bands indicating potential flood deposits.

accumulation rates (Figures 2A, 3). Notably, high values of Ca,
coupled with moderate to high values of terrigenous elements,
mostly in units V, III and I (Figure 3), suggest that detrital
carbonate from limestone/dolostone outcrops, most likely from
the Alpujárride Complex (Figure 1C; Aldaya et al., 1979; 1981),
may have served as a Ca-bearing sediment source transported
through the Guadalfeo River drainage system. High sedimentation
and mass accumulation rates (1.45 cm⋅yr−1 and 15.21 kg⋅m−2 yr−1)
have also been reported in the recent sedimentary record of the
Motril canyon (see Figure 9B in Cerrillo-Escoriza et al., 2024a).

These high accumulation rates, alongwith the predominance of fine-
grained sediments—primarily deposited by suspended load and
relatively enriched inmica, terrigenous elements, and organicmatter
(Figures 3–5)—are typically associatedwith episodic flooding events
(e.g., Mendes et al., 2020). The increasing Fe/Ca and Ti/Ca
ratios suggest that the main flooding events occurred during
Unit II deposition (Figure 3), which may have been driven by
river-derived sediment density flows comparable to hyperpycnites
(e.g., Mulder et al., 2003). Similar sedimentary patterns have
been observed in other inner-shelf systems along the southern
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Iberian Peninsula (e.g., Mendes et al., 2020) and elsewhere (e.g.,
de Mahiques et al., 2009; Mojtahid et al., 2018). Fine-grained
transport during flood events is interpreted to have occurred
primarily via suspension load, though there is also evidence for
some degree of saltation (e.g., see detailed frequency curves of
Unit II in Figure 5). This is reflected in increases in the sand-sized
fraction and Sr/Ca ratios, and a decrease in Ca, indicating reduced
inputs of detrital carbonate (e.g., Hodell et al., 2008; Rothwell and
Croudace, 2015) (Figures 3, 5A). The coarse grains interpreted as
the product of saltation load are mainly composed by bioclasts, such
as bivalve shells and benthic foraminifera (Figure 4B). This suggests
that the observed increases in grain size could have been driven by
higher concentrations of bioclasts. Indeed, Ca and Sr are associated
with biogenic inputs, especially from bivalve and gastropod shells,
with Sr being linked to aragonitic shells (e.g., Hillaire-Marcel and
De Vernal, 2007). Shell fragmentation also suggests some degree of
downslope sediment transport (Figure 4B). The bioclast increase,
particularly of coarse-sized shells and shell fragments, most likely
reflects increased benthic production occurring in shallower areas.
There, increased river discharges could have enhanced sediment
erosion and redistribution. These bioclasts would have been
transported to greater depths, where they eventually accumulated.
This interpretation is consistent with the notion that fluvial
input can enhance benthic productivity in proximal areas, while
hydrodynamic processes facilitate the downslope transport and
deposition of coarse biogenic material (e.g., Mendes et al., 2020).

The absence of primary sedimentary structures or evidences
of sediment reworking (Figures 3, 4A,B) suggest that deposition
primarily occurred under low-energy hydrodynamic conditions.
Moreover, sediment remobilization seems to be of minor
importance, as the radiocarbon dates, except for one outlier
at 100 cm bsf, consistently increase with core depth (Table 1;
Figures 2A, 3). This aligns with observations of terrigenous-
dominated regions influenced by riverine input during periods
of reduced marine winnowing (e.g., Sommerfield et al., 2002;
Sommerfield and Wheatcroft, 2007). Further evidence supporting
limited sediment transport through the Motril Canyon is given
by the absence of transported shelf benthic foraminifera in recent
canyon sediments (Cerrillo-Escoriza et al., 2024a).We thus interpret
the Motril Canyon primarily functioned as a river-fed system,
strongly influenced by fluvial discharges of the Guadalfeo River
(Figures 1B,C) during periods of calm hydrodynamic conditions in
the last 350 cal. yr BP (Figure 3). The Motril Canyon thus acted
as a sediment trap, and therefore its recent sedimentary infill
enables the reconstruction of natural and human-induced Holocene
paleoenvironmental changes (see Section 5.2. below).

5.1.2 The Carchuna Canyon: sediment pirating
from the littoral cell

Sediment deposition in the Carchuna Canyon is mainly
characterized by coarse-grained facies and very thin to thin-
bedded, fine-grained, mica-rich sandy turbidites (Figures 4C,D, 6),
which are often enriched in carbonaceous fragments (Figures 4C,D).
These fine-grained turbidites, often exhibiting convoluted laminae
(Figures 4D–7), are predominantly found within Unit II, with some
also present at the base of Unit I (Figure 6). They are interpreted
as deposited from turbulent flows in which particles were primarily
transported by saltation and rapidly settled (e.g., Lowe, 1979; Stow

and Smillie, 2020). Moreover, the high Ca contents, coupled with
the occurrence of carbonaceous fragments (Figures 4D, 6), suggests
that limestone and dolostone outcrops adjacent to the Carchuna
Canyon head provided significant coarse-grained sediment inputs
to the regional littoral cell (Figure 1C). Given the location of these
outcrops, it is more likely that their redistribution was primarily
driven bywestward littoral currents under the dominance of easterly
winds. Additionally, the Alpujárride Complex may have served as a
Ca-bearing source of sediments transported through the Guadalfeo
drainage basin (Figure 1C; Aldaya et al., 1979; 1981).

Consequently, the observed sedimentary features suggest
transport activity driven by turbidity flows along the Carchuna
Canyon during the last 500 years. This interpretation agrees with
previously evidence (Cerrillo-Escoriza et al., 2023; 2024a; 2024b):
(a) the coarse composition of surficial sediments in the axial
channel; (b) low mass accumulation rates (5.40 kg⋅m−2 yr−1) in
the axial channel with a sedimentation rate of 0.49 cm⋅yr−1; (c)
high organic matter contents at both the termination of the upper
canyon segment (between 350 and 400 mwater depth) and the lower
canyon segment; (d) the occurrence of marine litter accumulations
in the upper canyon segment; (e) identification of bedforms along
the axial channel and the adjacent depositional lobe, which are
also attributed to high-density turbidity currents; (f) high values of
transported shelf benthic foraminifera in the lower canyon segment.

We interpret that longshore drift and wave focusing in the
Carchuna Canyon head (Figure 1; Ortega-Sánchez et al., 2014;
Cerrillo-Escoriza et al., 2024a) have mobilized coarse-grained
sediments subsequently transported by turbidity currents. These
transport dynamics are consistent with those observed in littoral
systems where canyon heads act as focal points for sediment
winnowing and bypassing (e.g., Smith et al., 2018). The limited
fluvial discharge of Puntalón ravine to the west (Figure 1B),
combined with the energetic wave regime—often amplified by
the local irregular seafloor (Cerrillo-Escoriza et al., 2023; 2024a;
2024b)—suggests that, over the last 500 years, sediment transport
and deposition in the Carchuna Canyon have been primarily
controlled by westward-directed longshore drift, in contrast to
the fluvially influenced Motril Canyon. However, other potential
triggers for turbidity currents, such as earthquake-induced sediment
remobilization, cannot be ruled out. In tectonically active margins,
earthquake shaking is known to induce synchronous slope failures
across broad regions, generating diagnostic turbidite layers used
to reconstruct seismic recurrence intervals (e.g., Goldfinger et al.,
2003; Goldfinger et al., 2012; 2013; Moernaut et al., 2014). These
earthquake-triggered flows or “seismoturbidites” are commonly
funneled through submarine canyons and deposited on the basin
floor (e.g., Goldfinger et al., 2012; 2013). The southern Iberian
Peninsula, and particularly the SW margin, has experienced
significant historical earthquakes over the last 500 years, most
notably the well documented 1755 CE Lisbon earthquake and
tsunami event (see review by Lario et al., 2011; Álvarez-Martí-
Aguilar, 2022). Locally, historical earthquakes have also occurred in
nearby coastal towns, such as the 1679 CE Andalusian earthquake
and the 1804 CE Motril earthquake (Museo de Historia de Motril,
2023). Therefore, it is plausible that some of the fine-grained
turbidites observed at GC26 Unit II (Figure 6) may correspond
to such local seismic events, although further chronological and
stratigraphic correlation is required to confirm this interpretation.
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In comparable environments, shelf failures have typically been
associatedwith sediment overloading during storms (e.g., Puig et al.,
2004), or with ground shaking and instability caused by regional
earthquakes (e.g., Mulder et al., 1998; Goldfinger et al., 2012; 2013).

5.1.3 The Calahonda Canyon: a mixed system
Finally, recent sedimentation in the Calahonda Canyon reflects

an intermediate depositional environment between the Motril and
Carchuna canyons. Its sedimentary archive includes a mixture of
muddy, fine-grained facies, and coarse-grained deposits (Figures 4,
7), indicating a depositional environment likely influenced by both
fluvial inputs and bi-directional hydrodynamic processes. The shelf
east of the Calahonda Canyon is primarily influenced by easterly
winds (e.g., Ortega-Sánchez et al., 2014; Cerrillo-Escoriza et al.,
2024a), able to generate westward-directed shelf currents which
most likely transported and deposited coarse-grained sediments,
including turbidites. Yet moderate eastward currents formed during
westerlies dominance, reaching velocities up to 0.5 m⋅s−1 [see
Figure 12A in Cerrillo-Escoriza et al. (2024a)], may also have
supplied moderate amounts of sediment. In addition, the adjacent
shelf is supplied by small water courses, such as the Gualchos
ravine located 5 km to the east (Figure 1B), and the more distant
Adra River about 40 km further east. While the Gualchos ravine
may provide seasonal, discontinuous sediment input, the Adra
River is likely to deliver moderate to limited sediment discharges,
with much of its sediment load confined to its proximal deltaic
environment (Mendes et al., 2015; Bárcenas et al., 2024). Sediment
may be laterally transported by west-southwest-directed longshore
drift, driven by the prevailing easterly winds and the rectilinear
coastal morphology (Lario et al., 1999), and are eventually trapped
at the Calahonda Canyon (Figures 1B, 7). This suggests that the
Calahonda Canyon has likely functioned as a longshore-drift-
fed system, receiving sediment input from both littoral currents
that mobilize coarse-grained sediments—ultimately transported by
turbidity currents—and from ephemeral, seasonal streams with
intermittent flows. Additionally, the Adra River may have provided
moderate amounts of sediment under the influence of easterly
winds. Thus, despite the presence of interbedded gravity-driven
deposits, the sedimentary infill of the Calahonda Canyon holds
potential for reconstructing natural and human-induced Holocene
paleoenvironmental changes.

5.2 The late Holocene depositional record
in a sediment trap off the Guadalfeo
submarine delta

The long-term depositional evolution off the Guadalfeo
submarine delta (Figure 1B), spanning from ca. 6110 cal. yr BP
(4161 BCE) to the present, has been recorded in our sedimentary
archives (Figures 3–7). However, the period between ∼6000 and
2000 years BP was only recorded in the Calahonda Canyon, which
requires more precise age constraints (Figures 2, 7). As a result, we
have focused on the depositional record of the last ∼2000 years BP.
This reconstruction is primarily based on the sedimentary archive of
the Motril Canyon (Figure 1B), which has functioned as an effective
sediment trap and provides the most continuous sediment record
for the last ∼2000 years (Figure 3).

Our results have revealed four main evolutionary stages, which
largely correspond to the last four historical climate periods
described below. These stages reflect major changes in sediment
production within the hinterland. Given the lack of consensus in
the literature about the chronology for these four climatic stages
(e.g., see Helama et al., 2017), here we follow the chronology
proposed by Moreno et al. (2012).

5.2.1 The Iberian-Roman humid period (IRHP)
The IRHP (2600–1600 cal. yr BP), described as a wet

period (Martín-Puertas et al., 2009), is widely recognized in
the southern Iberian Peninsula (e.g., García-Alix et al., 2013;
Jiménez-Moreno et al., 2013; Ramos-Román et al., 2018; López-
Avilés et al., 2021). There, pollen records from the Sierra Nevada
wetland (e.g., Laguna Hondera; Ramos-Román et al., 2018) have
extended the IRHP to 2600–1450 cal. yr BP. Within this broad
humid phase, an arid Roman Empire Epoch—known as the “Roman
Climatic Optimum” (2150–1800 cal. yr BP; McCormick et al.,
2012; Bini et al., 2020)—has been reported, likely influenced by
both climatic forcing and human activity. This arid interval is also
recorded in the Sierra Nevada wetland (e.g., between 2300 and
1800 cal yr BP: Ramos-Román et al., 2018; or between 2400 and
1900 cal yr BP; Ramos-Román et al., 2016).

The IRHP was recorded in the Motril and Calahonda canyons
(Figure 1B), albeit with limited radiocarbon ages (Figures 2, 3, 7).
In the Motril Canyon, the recorded IRHP spanning from ∼2025
to 1500 cal. yr BP would coincide with the arid Roman Empire
Epoch (McCormick et al., 2012; Bini et al., 2020). During this
period, sedimentation was dominated by coarse-grained fractions
and relatively low sedimentation rates (Figure 3), suggesting
a reduced terrigenous suspension input (Durand et al., 2018;
Mendes et al., 2020). This interpretation is supported by moderate
elemental counts of Si, K, Ti, and Al, as well as by Fe/Ca and
Ti/Ca ratios (Figures 3, 7), indicating reduced terrigenous sediment
input due to limited Guadalfeo River discharges (Figure 1B).
This inference agrees with suggested slow advances of the
Guadalfeo deltaic system with rates of ∼0.15 m yr−1 during the
IRHP and later (between 2000 BCE and 1500 CE; Jabaloy-
Sánchez et al., 2014). The establishment of dry conditions could
explain this limited continental export, as interpreted in other shelf
environments (e.g., de Mahiques et al., 2009).

The Motril Canyon recorded a shift towards finer-grained
sedimentation and an increase in fluvial elemental ratios at the
end of the IRHP (Figure 3), suggesting a transition to more humid
conditions. This pattern is broadly synchronous with a humid phase
that occurred during the decline of the Roman Empire between
1800 and 1600 cal. yr BP, likely associated with negative North
Atlantic Oscillation (NAO) conditions that increased the influence
ofwesterlywinds over southernEurope, thereby enhancingmoisture
levels (e.g., Olsen et al., 2012).

Although the end of the IRHP was marked by increased
moisture availability, the increase in terrigenous sediment export
may have been influenced by additional factors, including intensified
human land use. This assumption aligns with the limited flood
activity recorded in the southwest Iberian Peninsula during this
period (e.g., Thorndycraft and Benito, 2006; Benito et al., 2015;
Mendes et al., 2020). During the Roman Empire, the effects of
anthropogenic activities such as mining, agricultural and grazing
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activities on sediment production have been documented in the
Iberian Peninsula, even at high altitudes in the southeastern region
(e.g., Leblanc et al., 2000; Boone and Worman, 2007; García-
Alix et al., 2013; Jiménez-Moreno et al., 2013; Ramos-Román et al.,
2016; 2018; López-Avilés et al., 2021; Díez-Herrero et al., 2024). For
example, mining exploitation of copper, silver, and gold increased
significantly since∼2500 cal. yr BP (Leblanc et al., 2000), with a peak
in activity occurring between 0 and 200 CE (2000–1800 cal. yr BP;
Davis et al., 2000; Delgado et al., 2012).

5.2.2 Dark ages (DA)
Between 1500 and 1000 cal. yr BP, the climate in northern

Europe experienced a deterioration characterized by rapid cooling
and aridification, a period commonly referred to as the Dark Ages
(e.g., Magny, 2004; Regattieri et al., 2014). Pollen records from
the central and southern Iberian Peninsula also suggest that arid
conditions prevailed during the DA (e.g., Carrión, 2002; Jiménez-
Moreno et al., 2013; Ramos-Román et al., 2016; Ramos-Román et al.,
2018). Similar climatic conditions have been detected in marine
records from the Alboran Sea (Fletcher and Sánchez-Goñi, 2008;
Combourieu-Nebout et al., 2009; Nieto-Moreno et al., 2013; 2015).

Off the Guadalfeo delta system, this period was recorded and
dated in the Motril Canyon (Figure 3). Initially, sedimentation
during the DA was characterized by coarse-grained fractions
akin to those deposited during the preceding IRHP. However, a
gradual transition to fine-grained sediment deposition occurred,
accompanied by increased sedimentation rates, and coherent with
increases in elemental counts of Si, K, Ti, andAl, as well as Fe/Ca and
Ti/Ca ratios (Figure 3). This suggests a gradual rise in terrigenous
suspension input to the shallow-marine environment, likely driven
by changes in sediment production in the hinterland. The rise in
fine-grained sediment input could be related to moderate rainfall
conditions in the Guadalfeo River basin. Comparable evidence of
moderate rainfall has also been reported in other southern Iberian
basins, such as the Guadiana Basin, which recorded flood activity
between ∼1200 and 1000 cal. yr BP (Ortega and Garzón, 2009;
Benito et al., 2008; 2015; Mendes et al., 2020). However, a positive
NAO phase during this period may have contributed to increase
aridification over the Guadalfeo River region (Trouet et al., 2009;
Olsen et al., 2012).

As a result, factors other than climatic changes may have
triggered the rise in terrigenous sediment supply to the Guadalfeo
delta system. Widespread soil erosion and land degradation
caused by intensified land use appear to have largely contributed
to the sediment increase. Historical accounts suggest that the
decline of Roman influence in Iberia at ca. 1500 cal. yr BP
initiated a period of significant demographic changes. In fact,
settlement density in southwestern Iberian Peninsula increased
sixfold during the following 500 years, particularly after the
Muslim invasion at ca. 1200 cal. yr BP (Boone and Worman,
2007). Such intensified land use likely exacerbated soil erosion,
contributing to the increase in terrigenous sediment supply to
the Guadalfeo delta (e.g., Jabaloy-Sánchez et al., 2014). A similar
phenomenon occurred in the central Adriatic, where sedimentation
rates quadrupled between 1100 and 700 cal. yr BP due to changes
in land use that enhanced terrigenous sediment input to the shelf
(Oldfield et al., 2003).

5.2.3 Medieval climate anomaly (MCA)
The MCA (1050–650 cal. yr BP) was characterized by warm

conditions driven by a persistent positive NAO (e.g., Trouet et al.,
2009; Moreno et al., 2012; Olsen et al., 2012). In the southern
Iberian Peninsula, several pollen records document a warmer and
relatively arid climate during the MCA (e.g., Jiménez-Moreno et al.,
2013; Ramos-Román et al., 2016; 2018; Ramos-Román et al., 2018).
These arid conditions were associated with a low frequency of floods
and reduced fluvial inputs to marine basins (Moreno et al., 2012,
and references therein). Evidence of drought is particularly well
documented in sediment records from Sierra Nevada wetlands, such
as the Laguna de la Mula (e.g., Jiménez-Moreno et al., 2013).

Off the Guadalfeo delta system, the MCA is also recorded
in the Motril Canyon (Figure 3). Sedimentation during the MCA
was predominantly fine-grained, with higher sedimentation rates
compared to the DA (Figure 3). Our proxy data suggest a sustained
influx of terrigenousmaterial into the shallow-marine environment,
driven by persistent sediment production in the hinterland.
Although sedimentation patterns were broadly similar during the
DA and MCA periods, evidence of moderate rainfall conditions
appears less pronounced during the MCA (Figure 3). This suggests
that widespread soil erosion and land degradation—primarily due to
intensified human land use—played a significant role in increasing
terrigenous sediment production. Despite generally dry conditions,
geoarchaeological studies from the southeastern Iberian Peninsula
have identified notable paleo-flood events during the Andalusian
Almohad Taifa period (late 12th to early 13th century CE) (Díez-
Herrero et al., 2024). A stunning example is the “Roman theatre of
Acci” (modern-day Guadix), which preserves evidence of extreme
hydrological events associated with the Medieval Warm Period.
While such findings suggest the possibility of small, localized
episodes of anomalous rainfall conditions, such events would have
been sporadic and restricted regionally (e.g., Ortega and Garzón,
2009; Benito et al., 2008; 2015; Mendes et al., 2020), consistent with
the influence of NAO dynamics on moisture availability throughout
most of Iberia (Sánchez-López et al., 2016).

In terms of anthropogenic effects on sediment production,
major land-use changes—including deforestation, cultivation, and
agricultural intensification—initiated approximately 200 years prior
to the MCA (Boone and Worman, 2007). These practices likely
contributed to increase the sediment supply to the shelf. In
the southwestern Iberian Peninsula, this drastic land surface
degradation led to the abandonment ofmost rural settlements by the
mid-12th century CE (ca. 800 cal. yr BP; e.g., Boone and Worman,
2007). Consequently, the combined impact of arid conditions and
human-driven landscape changes accelerated soil erosion during
the MCA, increasing terrigenous sediment export to the Guadalfeo
delta system.

5.2.4 Little ice age (LIA) to recent times
Two climatically distinct periods can be distinguished over the

last∼600 years.The first is the LIA from 650 to 150 cal. yr BP, and the
second is the Industrial Period (IP; 150 cal yr BP–present). The LIA
is interpreted as an overall humid period in the Guadalfeo region
(Figure 1B). In the studied sediment cores, this period is recorded in
the Motril, Carchuna, and Calahonda canyons (Figures 3, 6, 7). This
period is marked by high rates of fine-grained sediment deposition,
suggesting increased terrigenous input of suspension loads. This
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interpretation is supported by the occurrence of increased elemental
counts of Si, K, Ti, and Al, as well as by high Fe/Ca and Ti/Ca
ratios (Figures 3, 6, 7). The increase in fine-grained sediment supply
to the continental shelf during the LIA likely reflects a period of
increased rainfall in the Guadalfeo River basin, correlated with a
negative NAO phase (e.g., Trouet et al., 2009; Fletcher et al., 2013).
This trend is consistent with the suggested rapid advancement of
the Guadalfeo Delta, at rates of ∼3.3 m yr−1 from 1500 CE to the
present day (Jabaloy-Sánchez et al., 2014).

An increase of fluvially derived proxies has been previously
documented in the Alboran Sea (e.g., Nieto-Moreno et al., 2011;
2015) and in inland records (e.g., Moreno et al., 2012; Ramos-
Román et al., 2016; Ramos-Román et al., 2018). Equivalent phases
of fine-grained deposition driven by enhanced river discharges
have been documented elsewhere during the LIA (Abrantes et al.,
2005; Lebreiro et al., 2006; Bartels-Jónsdóttir et al., 2006; 2015;
Mendes et al., 2020). Pollen fluctuations in several Iberian
records suggest that the LIA was not a climatically stable period,
and numerous short-term oscillations occurred (e.g., Ramos-
Román et al., 2016; García-Alix et al., 2017; Oliva et al., 2018).
It is also worth mentioning that the humid conditions inferred
from our LIA records coincide with rainfall reconstructions for
the past 500 years in southern Iberia based on documentary
sources (e.g., Rodrigo et al., 1999; Sánchez-García et al., 2019;
Sánchez-García and Schulte, 2023). Historical flood records from
the southern Iberian Peninsula have revealed alternating periods
of increased (e.g., 1540–1560, 1720–1745, and 1860–1891) and
decreased (1790–1845) flood frequencies. Additionally, human
activities during the LIA also impacted the southern Iberian
Peninsula. For instance, the expansion of cereal agriculture and
transhumant livestock practices between the 16th and 19th centuries
CE led to episodes of extensive soil erosion (e.g., García-Ruiz, 2010).
Furthermore, demographic changes andmining activities during the
18th and 19th centuries CE resulted in a significant deforestation of
the Iberian Peninsula (Martín-Rosales et al., 2007).

Humid conditions prevailed during most of the IP and into
the early 20th century CE in the southern Iberian Peninsula,
as evidenced by instrumental precipitation data (Rodrigo et al.,
1999; Sánchez-García et al., 2019; Sánchez-García and Schulte,
2023). However, increased local aridity and/or human-induced
desertification is reported in the Sierra Nevada wetland records
(e.g., García-Alix et al., 2013; Ramos-Román et al., 2016). Indeed,
a general decreasing trend of rainfall has been observed in the
southern Iberian region from 1960 onwards (Rodrigo et al., 1999),
as well as elsewhere in the Iberian Peninsula (Gallego et al., 2011;
Rodrigo and Trigo, 2007) during the last century. Our sedimentary
record at Motril Canyon shows a general decrease in fluvial-derived
material during the IP (Figure 3), suggesting a diminished supply
from the Guadalfeo River.

5.3 Comparison with terrestrial and
deep-marine record: a source-to-sink
approach

To evaluate the coupling between shelf sediment storage
and downslope transfer under the influence of Late Holocene
climatic fluctuations, we compared our results from the Motril

and Calahonda canyons with existing terrestrial and deep-water
sediment records (Figure 8).

K/Ti ratios from the Sierra Nevada wetland sedimentary
records reveal lithological changes linked to variations in local
depositional environments and allochthonous sediment inputs
(García-Alix et al., 2018). As the regional drainage basin is
dominated by metamorphic mica schists, rich in Si, K, and Al
(Camuera et al., 2018), the K/Ti ratio serves as a robust proxy for
detrital inputs and surface runoff (e.g., Ramos-Román et al., 2018).
Similarly, Ti/Ca and Fe/Ca ratios have also been reported as tracers
of terrigenous supply and/or riverine input in marine environments
(e.g., Mendes et al., 2020; Mesa-Fernández et al., 2022). In the
Sierra Nevada wetland, higher K/Ti ratios indicate wetter conditions
dominated by runoff, while lower values correspond to increased
aridity and a predominance of aeolian inputs (Figure 8; Ramos-
Román et al., 2018). These fluctuations are reflected in arboreal
pollen datasets, which record shifts in forest cover and humidity.
Periods of increased arboreal pollen abundance correlate with
humid conditions and forest expansion, as observed during the
end of the DA and the LIA, whereas declines in arboreal pollen,
such as around 1200 cal. yr BP and during the MCA, align with
severe droughts (Figure 8; Jiménez-Moreno et al., 2013; Ramos-
Román et al., 2016; 2018; Ramos-Román et al., 2018).

In the shallow-marine environment, the sediment records from
the Motril and Calahonda canyons exhibit variability in Ti/Ca
and Fe/Ca ratios, which serve as tracers of terrigenous input
related to riverine discharges to the shelf. During wetter periods,
such as the LIA (∼600–150 cal. yr BP), Ti/Ca and Fe/Ca ratios
increased notably, reflecting enhanced sediment delivery due to
intensified river runoff (Figure 8). An increase in Ti/Ca and Fe/Ca
ratios also occurred from the late DA to the DA-MCA transition
(at ∼1016 cal. yr BP; Figure 8), suggesting moderate hinterland
precipitation/river runoff. These humid phases are likely linked
to persistent negative NAO conditions, which promoted increased
precipitation in the western Mediterranean Basin (Trouet et al.,
2009; Fletcher et al., 2013). Conversely, drier conditions during the
MCA, driven by a persistent positive NAOphase (Trouet et al., 2009;
Olsen et al., 2012; Moreno et al., 2012), resulted in lower Ti/Ca and
Fe/Ca ratios (Figure 8), indicating reduced riverine sediment fluxes.

In the deep marine environment, sedimentary archives from
the western Alboran basin display a sharp increase in Ti/Ca ratios
during the onset of the DA at around 1500 years BP (Figure 8;
Mesa-Fernández et al., 2022), during a period of increasing aridity
(e.g., Trouet et al., 2009; Olsen et al., 2012), suggesting that
the enhanced sediment delivery to the western Alboran Basin
was not primarily driven by riverine discharges. Instead, the
timing of this increase aligns with the dissolution of Roman
control in Iberia, which likely intensified human-induced landscape
modification. Therefore, increased land use and deforestation,
leading to widespread erosion, appear to have caused the greater
terrigenous sediment input to marine basins. Increased Western
Mediterranean Deep-Water formation at that time likely enhanced
sediment transport to the deep basin (Mesa-Fernández et al.,
2022). Sedimentary records from the western Alboran Basin also
indicate a sustained transfer of terrigenous sediments to the deep
sea throughout the MCA and the LIA that persist to the present
(Figure 8). A comparable increase in terrigenous input is also
recorded after 2000 years BP in other Late Holocene marine records
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FIGURE 8
Comparison of sedimentary records from terrestrial (Sierra Nevada wetland), shallow-marine (shelf-incised canyons of the Alboran Sea—this study),
and deep-marine (Alboran Sea basin) environments. (A) Terrestrial records from the Sierra Nevada wetland displaying arboreal pollen variations. These
records include the sediment cores: LH12-03 from Laguna Hondera (Mesa-Fernández et al., 2018), BdlV from Borreguil de la Virgen (Jiménez-Moreno
and Anderson, 2012), Padul-15–05 from Padul (Ramos-Román et al., 2018), and LdRS from Laguna de Rio Seco (Anderson et al., 2011). These pollen
records are shown alongside summer insolation data for 37°N (Laskar et al., 2004). (B) Shallow-marine records from shelf-incised canyons in the
Alboran Sea displaying variability in silt (%) and Ti/Ca and Fe/Ca ratios. These records are from sediment cores VC08 (Motril Canyon) and GC35
(Calahonda Canyon). (C) Deep-marine records from the Alboran Sea basin displaying variability in Ti/Ca ratio. These records are from sediment cores
TTR-12_292G and TTR-17_434G (Mesa-Fernández et al., 2022). North Atlantic Oscillation (NAO) index (reversed) from a climate proxy reconstruction
from Greenland (Olsen et al., 2012) is also plotted for comparison. The inset map shows the sediment core locations in the southern Iberian Peninsula.
Abbreviations include IRHP (Iberian Roman Humid Period), DA (Dark Ages), MCA (Medieval Climate Anomaly), LIA (Little Ice Age), IP (Industrial Period).
Yellow dashed lines indicate more arid intervals, while the blue shaded area highlights a wet period. The grey dashed line indicates the beginning of the
Industrial Period.

Frontiers in Earth Science 21 frontiersin.org

https://doi.org/10.3389/feart.2025.1597056
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


López-Quirós et al. 10.3389/feart.2025.1597056

from the southwestern Iberianmargin, such as the Tagus Basin (e.g.,
Vis et al., 2016; Gomes et al., 2020).

The comparison of sediment records from continental, shallow
and deep marine environments is inherently complex. However, the
observed increase in detrital inputs in the Sierra Nevada wetland
records, as well as in shallow and deep marine sedimentary records
(Figure 8), provides compelling evidence of source-to-sink coupling
between terrestrial, shelf, and slope environments. The Motril
Canyon, which primarily functioned as a sediment trap, serves as
a key site for understanding this linkage. Multi-proxy evidence from
this site indicates that sediment flux to the marine environment has
risen over the past 2000 years (Figure 3), with intensified human
activities amplifying erosion rates and sediment fluxes. While the
Motril Canyon primarily operated as a river-fed system and may
not have served as a direct conduit between fluvial and deepwater
systems, it nonetheless offers clear evidence of sediment transfer
from the continent to the shallow shelf (Figure 8). A net transfer
of detrital sediments from the shelf to the slope and ultimately to
deeper marine settings likely occurred through turbidity currents.
Sediment retention in littoral cells, combined with downslope
transport via longshore drift-fed systems—such as the Carchuna
and Calahonda canyon systems—may have facilitated the transfer of
sediments from the shallow shelf to the slope. The marked increase
in detrital input observed in deep marine records from the Alboran
basin at ∼1500 years BP (Figure 8) supports this interpretation,
indicating that sediments were ultimately transported to deeper
marine environments. This interconnectedness between the shelf
and slope environments is evident, even though the Motril Canyon
itself did not directly channeled sediments to the deep sea.

The increase in terrigenous input over the last 2000 years
CE cannot be attributed solely to climatic factors. Instead, land
use intensification in southern Iberia, including deforestation,
agricultural expansion and mining, have likely amplified erosional
processes and enhanced sediment fluxes to both shallow and deep
marine environments (e.g., Davis et al., 2000; Boone and Worman,
2007; Delgado et al., 2012; Vis et al., 2016; Hanebuth et al., 2018;
Gomes et al., 2020; Mesa-Fernández et al., 2022), complicating the
interpretation of purely climatic signals. As a result, paleoclimate
reconstructions spanning the last 2000 years that rely on elemental
geochemical ratios must consider the potential overprinting of
climatic signatures by human-induced impacts.

6 Conclusion

1) The recent sedimentary infillings of the Motril, Carchuna, and
Calahonda submarine canyons exhibit distinct characteristics,
shaped by differing sources and sediment transport
mechanisms. The Motril Canyon primarily functioned as
a river-fed system, influenced by fluvial discharges from
the Guadalfeo River during periods of calm hydrodynamic
conditions. As a highly effective sediment trap, it preserves a
detailed sedimentary record that enables the reconstruction of
both natural and human-induced paleoenvironmental changes
during the Late Holocene. In contrast, the Carchuna Canyon
is dominated by a longshore-drift-fed system, where wave
focusing and high shear stress at the canyon head mobilized
coarse-grained sediments which were eventually transported

via turbidity currents. The Calahonda Canyon constitutes an
intermediate depositional environment, influenced by both
fluvial inputs and high-energy processes, receiving sediments
from ephemeral streams and storm-driven turbidity currents.

2) The Motril Canyon provides the most continuous and well-
preserved sedimentary record for the last ∼2000 years. This
record is characterized by four stages that largely correspond
to historical climatic periods and are marked by changes
in sediment production. During the Iberian Roman Humid
Period (2600–1600 cal. yr BP), terrigenous sediment input
reduced, likely due to limited Guadalfeo River discharges,
despite a final humid phase. The Dark Ages (1500–1000 cal.
yr BP) witnessed a progressive transition from coarse-to fine-
grained sedimentation, with increased rates indicating higher
terrigenous input, driven by widespread soil erosion and
land degradation under moderate rainfall conditions. These
conditions persisted during the Medieval Climate Anomaly
(1050–650 cal. yr BP), with high sedimentation rates and land-
use-driven increases in sediment flux, though without clear
evidence of rainfall patterns. The Little Ice Age (650–150 cal.
yr BP) was marked by a high rate of fine-grained sediment
deposition, linked to increased rainfall and human activity,
while the Industrial Period (150 cal. yr BP–present) has been
characterized by a general decrease in fluvial-derived material,
suggesting a shift to drier conditions.

3) The increase in terrigenous input over the last 2000 years
cannot be solely attributed to climatic variability. Instead,
anthropogenic activities have significantly amplified erosion
rates and sediment fluxes into marine basins, complicating the
interpretation of purely climate-driven sedimentary signals.
The contrasting depositional dynamics of the Motril Canyon,
which acted as a sediment trap, and the more dynamic
transport systems of the Carchuna and Calahonda canyons,
highlight the complexity of source-to-sink systems in this
region. These findings underscore the necessity of integrating
sedimentary records from multiple depositional environments
to accurately reconstruct paleoenvironmental changes.
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