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A B S T R A C T   

The upper continental slope offshore Capo Vaticano (southern Tyrrhenian Sea) is characterized by a contourite 
depositional system with well-developed elongated sediment drifts. This system is related to a northward paleo- 
bottom current, similar to the present-day modified-Levantine Intermediate Water (modified-LIW) flowing from 
the Messina Strait. In this work, we show results from an integrated analysis of descriptive oceanography, high- 
resolution seismic profiles and core data (i.e., grain size, foraminiferal assemblages, tephrostratigraphy and AMS 
radiocarbon dating) collected from the crest and moat sectors of drift deposits. The studied succession formed 
since the mid Holocene, under the action of the modified-LIW and the stratigraphic architecture indicates an 
upslope migration of the moat and rather stable position of the crest sector. Grain-size features recorded from 
two sediment cores indicate the occurrence of a succession of complete bi-gradational sand-rich contourite se-
quences. Sandy facies were observed both as lag deposits formed in active moat channel and as coarser intervals 
of bi-gradational sequences forming drift deposits close to its crest. Their occurrence would highlight that upper 
slope environments impacted by intermediate water masses and proximal to sandy sources may represent 
favorable settings for accumulation of sandy sediment. The moat sector is characterized by a more complex 
stratigraphic record, where either moat sedimentation or lateral deposition of finer sediment occur, suggesting 
that further investigation is required to better understand this complex element of contourite systems. Based on 
available age information, some of the bi-gradational sequences probably formed during the Dark Age Cold 
Period, providing example of a small-scale cyclicity of contourite deposition, likely related to short-term 
(possibly multicentennial scale) fluctuations of the paleo modified-LIW. According to age constraints and 
analysis of foraminiferal assemblages, these fluctuations were likely governed by climate variations, with a 
weaker activity during warmer periods and faster currents during colder events.   

1. Introduction 

Contourites are defined as sediments deposited or substantially 
reworked by the persistent action of bottom currents (Stow et al., 2002a; 
Rebesco et al., 2014). Over the last decades, studies concerning the 
analysis of contourite deposits and along-slope processes increased 
significantly, highlighting their importance, among other, for 

depositional processes shaping continental margins and abyssal plains 
(Stow et al., 2002a; Rebesco et al., 2014; Hernández-Molina et al., 2016; 
Mosher et al., 2017; Thiéblemont et al., 2019). Recent studies con-
cerning contourites highlighted the need for a better understanding of 
oceanographic and sedimentary processes governing their formation, as 
well as for robust diagnostic criteria for deciphering contourite facies (e. 
g., Rebesco et al., 2014; Hernández-Molina et al., 2016; Yin et al., 2019). 
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This is particularly true for sandy deposits that are relatively uncommon 
in the geological record and still poorly known, if compared with their 
fine-grained counterpart (Brackenridge et al., 2018). According to 
Brackenridge et al. (2018) and Stow and Smillie (2020), sandy con-
tourites can occur either as part of the bi-gradational sequence (i.e., the 
coarsest division of the contourite facies model) in mud-rich drifts or as 
distinct sandy units in sand sheets, oceanic gateways, contourite chan-
nels and terraces. However, further studies are needed to provide their 
systematic classification and to establish a precise relation between the 
nature of the deposit, bottom current dynamic and other associated 
oceanographic processes (Hernández-Molina et al., 2016; Miramontes 
et al., 2020; Stow and Smillie, 2020). A further main interest in the study 
of contourites is related to the possibility to decipher paleoceanographic 
and paleoclimate changes, as these deposits represent long-term ar-
chives that provide key information on ocean circulation and past 
climate (e.g., Knutz, 2008). In various seas worldwide, studies con-
cerning contourites revealed major oceanographic changes and allowed 
reconstruction of past climatic variability over a broad range of time 
scales, including the late Quaternary (e.g., Llave et al., 2006; Voelker 
et al., 2006; Toucanne et al., 2007, 2012; Frigola et al., 2008; Knutz, 
2008; Bahr et al., 2014; Hanebuth et al., 2015; Lebreiro et al., 2018). In 
the Mediterranean, there is still little knowledge on the link between 
thermohaline circulation and late Quaternary-Holocene short-term 
(sub-millenial-timescale) climate variability (e.g., Cacho et al., 2001). 
Very high-resolution stratigraphic records can bridge this gap, in 
particular for the past few millennia, that are most relevant to the 

uniqueness of modern climate variability (Jones and Mann, 2004). 
The upper continental slope off Capo Vaticano (south-eastern Tyr-

rhenian Sea) provides an expanded stratigraphic record of postglacial 
contourite deposits (maximum thickness of about 25 ms two way travel 
time - TWT), with a high potential to investigate variability of contourite 
sedimentation in both time and space. The studied deposits belong to a 
small contourite system characterized by well-developed elongated 
drifts formed during the late Quaternary (Martorelli et al., 2016). Here, 
the formation of contourites and associated erosive elements has been 
related to the action of bottom currents, likely similar to the present-day 
modified-Levantine Intermediate Water (modified-LIW), flowing from 
the Messina Strait. In this work, we analyze for the first time contourite 
sedimentation during the Middle-Late Holocene, focusing on sedimen-
tary facies developed on an elongated drift, and on bottom current 
variability recorded by complete bi-gradational contourite sequences. 
The main objectives are: (1) to outline the main textural features of the 
contourite deposits, including sand-rich facies; (2) to decipher vari-
ability of sedimentation across the crest and moat sectors of elongated 
sediment drift deposits, using sedimentological and seismic information; 
(3) to decipher rapid fluctuations of bottom currents, discussing the 
possible influence of climate variations on bottom current variability 
and development of complete bi-gradational sequences, using sedi-
mentological, foraminiferal and geochronological information. 

Fig. 1. Study area with indication of main water masses. TSW: Tyrrhenian Surface Water; LIW: Levantine Intermediate Water; modified-LIW: modified Levantine 
Intermediate Water. GMCS: Gioia-Mesima canyon-channel system. Grey rectangle: study area. Green lines: sea surface expression of internal solitary waves (ISWs) 
from SAR roughness-Sentinel1 image of May 10, 2019 (ESA-OceanDataLab). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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2. Study area 

2.1. Geological context 

The Calabro-Tyrrhenian margin (Fig. 1) is a Neogene rifted margin, 
formed during the opening of the Tyrrhenian Sea, along the westward 
side of the Calabrian Arc (Sartori, 2003). Post-orogenic extensional 
tectonics that influenced the Calabrian Arc determined: its fragmenta-
tion in highs (e.g., the Coastal Range and Capo Vaticano Promontory) 
and basins (e.g., the Gioia Tauro-Mesima basin; Fig. 1), high rates of 
tectonic uplift during the Quaternary (Antonioli et al., 2006) and strong 
seismicity (CPTI Working Group, 2004). High-energy water courses 
dissect the mainland with high discharge of sediment. The main ones are 
the Mesima and Petrace rivers, which deliver high volume of sediment to 
the shelf (Pierdomenico et al., 2016). The study area is characterized by 
a narrow shelf and a steep upper continental slope (Fabbri et al., 1980) 
with a complex morphology mainly determined by canyons, channels, 
landslides, contourite drifts and moats (Figs. 1 and 2; Martorelli et al., 
2016). The main morphological feature of the shelf-slope sector is the 
Gioia-Mesima canyon-channel system (GMCS in Fig. 1), which dissects 
the seafloor, starting from the coastal sector and running down to 
− 1700 m (Colantoni et al., 1992; Bosman et al., 2017; Casalbore et al., 
2018). During the Holocene, the area has been affected by tephra 
deposition events produced by wide explosive eruptions of the Aeolian 

Arc and from the peri-Tyrrhenian magmatic provinces (e.g., Campanian 
Province and Sicily Province). The main tephra layer is related to the 79 
CE Pompei eruption of Somma-Vesuvius (Zanchetta et al., 2011) that is 
characterized by a large dispersal, including the Ionian and Tyrrhenian 
seas and the Gulf of S. Eufemia located NE of Capo Vaticano (Cosentino 
et al., 2017). 

Offshore Capo Vaticano, a northward oriented bottom current 
possibly related to a water mass similar to the present-day modified-LIW 
formed small-scale (a few tens of km long and a few km wide) contourite 
deposits, between 90 and 300 m water depth (Fig. 2; Martorelli et al., 
2016). 

2.2. Oceanographic features 

The main water masses circulating offshore Capo Vaticano are: the 
Tyrrhenian Surface Water (TSW) and the Levantine Intermediate Water 
(LIW); a third water mass is often recognized in between the TSW and 
the LIW, named modified-LIW (Fig. 1; Marullo and Santoleri, 1986; 
Hopkins, 1988; Povero et al., 1990; Sparnocchia et al., 1999). The TSW 
is a branch of the Atlantic surface water and is characterized by a tem-
perature of ~14–20 ◦C and a salinity of ~38.0. Tidal, amphidromic ef-
fects, acting at the sill region of the Strait of Messina, give rise to a semi- 
diurnal northward flux (named “rema montante”; from Marullo and 
Santoleri, 1986; Fig. 1) of the LIW (~14.2 ◦C and a salinity of ~38.8), 

Fig. 2. Shaded relief map of multibeam bathymetry of the southern sector of Capo Vaticano with indication of contourite drifts and location of the two sediment 
cores (red circles), seismic profiles P1, P2 and P3 (black lines) and hydrographic profile (white line)-stations (white rhombuses). C: crest of the CS1 drift; M: moat of 
the CS1 drift. SU1-3: seismic units: CS1-3: elongated drifts; Cos: shelf drift; LPW: lowstand prograding wedge. Coordinate system: UTM WGS 84-33 North (modified 
from Martorelli et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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coming from the Ionian basin and issuing from the sill of the Messina 
Strait (Hopkins et al., 1984; Lascaratos et al., 1999; Robinson et al., 
2001; Droghei et al., 2016); once in the Tyrrhenian basin, the tidal 
branch of LIW that debouches from the Messina Strait flows 
geostrophically northward, along the Calabrian margin. The modified- 
LIW is a salty vein (38.5, T of ~14.3 ◦C), flowing geostrophically 
northward, in between the TSW and the tidal branch of LIW. The origin 
of this modified-LIW was hypothesized by Marullo and Santoleri (1986) 
as the result of mixing processes, occurring at the sill region during the 
“rema montante”, as well as resulting from the breaking of internal sol-
itary waves (La Forgia et al., 2018; Cavaliere et al., 2020). These 
particular non-linear internal waves (i.e., solitons) are one of the most 
peculiar features of the area: they generate at the Strait of Messina due to 
the hydraulic jump occurring during the strong tidal forcing and prop-
agate northward at the interface between the LIW and the TSW, reaching 
the frontal slope of Capo Vaticano (Fig. 1), where they likely break, 
giving rise to strong mixing and intense bottom shear stress (Alpers and 
Salusti, 1983; Marullo and Santoleri, 1986; Brandt et al., 1999; La Forgia 
et al., 2018; Cavaliere et al., 2020). The main branch of LIW, coming 
from the Sicily Channel, is located offshore from the area occupied by 
the modified-LIW and the tidal branch of LIW (Fig. 1). 

3. Data and methods 

3.1. Oceanographic data 

CTD (Conductivity-Temperature-Depth), LADCP (Lowered Acoustic 
Doppler Current Profiler) and beam attenuation data were collected 
during the TyGraF cruise (Urania R/V) in 2013. In particular, the 

instrumentation we used was: a Sea-Bird SBE 911; a LADCP (Lowered 
ADCP) system that employed two Teledyne RDI Workhorse 300-kHz 
ADCP, installed as a down- and up-looker; a Sea-Bird C-Star Trans-
missometer for measuring beam transmittance at 650 nm. All in-
struments were installed on a CTD rosette system and lowered down to 
the bottom to obtain the profile of the full water column; all vertical 
profiles were re-binned in bins of 1 m length to allow for inter- 
comparison. The hydrographic investigation focused on the detection 
and characterization of the alongshore currents flowing between 100 
and 700 m depth by means of seven cross-shore transects and a finer 
sampling between 100 and 300 m depth (Fig. 3). The survey strategy 
was based on the oceanographic setting reported by Marullo and San-
toleri (1986), Hopkins (1988), Povero et al. (1990) and Sparnocchia 
et al. (1999), which describe in detail the formation and vertical dis-
tribution of TSW, TDW, LIW, and modified-LIW. CTD cast distribution 
were aimed at capturing the sub-mesoscale hydrographic pattern of the 
basin, as well as mixing processes due to the breaking of the internal 
solitary waves that are supposed to occur over the frontal slope of Capo 
Vaticano (Marullo and Santoleri, 1986). LADCP data were used to verify 
and quantify the geostrophic and ageostrophic flows, associated with 
the observed water masses. In this study, we consider and analyze the 
hydrographic transect that runs along the southern sector of Capo Vat-
icano and it is formed by 5 equally spaced vertical profiles (white 
rhombuses in Fig. 2). 

3.2. Sub-bottom profiles 

Sub-bottom profiles were collected during the MAGIC-IGAG cruise in 
2011 (Minerva1 R/V, CNR, Italy). The Sub Bottom Profiler Benthos 

Fig. 3. Hydrographic vertical cross sections of hydrographic profile T5 (see Fig. 2 for location), showing temperature, salinity, beam attenuation, and current ve-
locity (cross-section and along-section) south of Capo Vaticano (February, 2013). Both temperature and salinity patterns show the presence of the three main water 
masses that acts in this sector, i.e., the Tyrrhenian Surface Water (TSW), the Levantine Intermediate Water (LIW), and the modified Levantine Intermediate Water 
(m_LIW). Cross and along sections show the strong action of the northward flowing m_LIW near the bottom, where the alongshore velocity is ~8 cm/s and the beam 
attenuation indicates sediment resuspension in between 100 and 300 m depth. The CS1 drift and moat sectors are indicated in the beam attenuation cross section. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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Chirp III (2–7 kHz) was used to investigate the shallow subsurface using 
a ping rate of 0.5 s. Post-processing of seismic lines was performed with 
GeoSuite All works software to increase the amplitude of seismic signal 
through automatic gain control and time varying gain. Data interpre-
tation was conducted using Kingdom Suite software. An acoustic ve-
locity of 1500 m/s was used for time–depth conversion for both water 
and sediment. Max. vertical resolution is ca. 30 cm. Data positioning was 
provided by a differential GPS. 

3.3. Sediment cores and analysis 

3.3.1. Core retrieving and sedimentological analysis 
Two gravity cores were collected during the TyGraF cruise (core 

CT10; Urania R/V, 2013) and the LGT-Gioia77 Eurofleet cruise (core 
LGT5; Minerva1 R/V, 2016), at 153 m and 157 m water depth (Table 1), 
from the crest and moat sectors (Fig. 2). The cores are 2.3 m and 3.55 m 
long and recovered the uppermost part of drift deposits. The two cores 
were sampled for grain size and foraminiferal analyses (88 collected 
samples) with variable spacing, ranging from 10 cm (in the homoge-
neous muddy intervals) to 2–5 cm (in the sandy intervals). Four samples 
(two per core) were collected for AMS radiocarbon dating and two 
samples were analyzed for tephra analysis. The sedimentary structures 
were examined through visual description of cores. The grain size ana-
lyses were performed at Sapienza University of Roma, on bulk sediment 
and using the Sympatec Helos laser diffraction particle size analyzer for 
the fine-grained fraction (from 0.5 to 62 μm) and sieves for the coarse- 
grained fraction (> 62 μm). A combination of laser diffraction and 
sieving method was used due to occurrence of sediment with variable 
grain size, generally including coarse sediment and great amount of 
muddy sediment. In order to reduce the risk of under-representativeness 
for coarser populations of laser diffraction analyses, laser diffraction was 
used for grain size determination of fractions finer than 62 μm. Textural 
statistical parameters (mean, standard deviation, skewness, kurtosis) 
were calculated using the Folk and Ward (1957) geometric method 
(Gradistat software). Sorting, skewness and kurtosis were described 
using a scheme modified from Folk and Ward (1957) where the statis-
tical parameters terms relate to a metric scale (see table IIe reported in 
Blott and Pye, 2001). Negative skewness values indicate an excess of 
fines and has been named “fine skewed”. 

3.3.2. Foraminiferal analysis 
The samples were used for the foraminiferal analysis in order to 

characterize paleoclimatic and paleoenvironmental evolution of the 
succession recovered by the cores CT10 and LGT5. Qualitative and 
quantitative analyses were conducted on sediment fraction >88 μm and 
<500 μm. The 88 μm lower limit was set to exclude juvenile specimens 
(e.g., Lirer et al., 2013; Margaritelli et al., 2016). Each sediment sample 
was split by a microsplitter into small portions as the material was 
abundant. In all samples, 250–300 benthic and planktonic foraminifera 
with well-preserved tests were counted and picked, respectively. Benthic 
foraminifera were classified according to Loeblich and Tappan (1987), 
Cimerman and Langer (1991), Sgarrella and Moncharmont-Zei (1993) 
and World Register of Marine Species (WoRMS; http://www.marinesp 
ecies.org); planktonic foraminifera were classified according to Kennet 
and Snivrasan (1983), Hemleben et al. (1989) and Iaccarino et al. 
(2007). In order to compare our data with the bio and chronostrati-
graphical literature data (Lirer et al., 2013; Vallefuoco et al., 2012), the 
following planktonic grouping was adopted: the Globigerinoides ruber 
group that includes G. ruber pink and G. elongatus; the Globigerinoides 

quadrilobatus that includes G. trilobus and G. sacculifer; the Globigerina 
bulloides that includes G. falconensis; the Globigerinella spp. includes 
G. siphonifera and G. calida; and the Neogobloquadrina spp. that includes 
N. pachyderma, N. incompta and N. dutertrei. Left and right coiling of 
Globorotalia inflata and G. truncatulinoides were distinguished and 
counted separately. In order to characterize the water mass, 
herbivorous-opportunistic planktonic species (T. quinqueloba, G. gluti-
nata, G. bulloides) and carnivorous ones (G. ruber, G. quadrilobatus, O. 
universa, Globigerinella spp.) were considered (Margaritelli et al., 2016). 
Moreover, on the base of literature data two groups, called for simplicity 
warm and cold-water group, were identified. They include species not 
directly influenced by temperature, but mostly occurring associated 
with the typical temperature markers. The cold group includes: Tur-
borotalita quinqueloba, Globigerinita glutinata, Globorotalia scitula, Neo-
globoquadrina incompta. The warm group includes taxa like 
Globigerinoides spp. (G. ruber, G. trilobus, G. quadrilobatus), Globigerinella 
siphonifera and Orbulina universa (Cita et al., 1977; Thunell and Rey-
nolds, 1984; Hemleben et al., 1989; Rohling et al., 1993; Pujol and 
Vergnaud-Grazzini, 1995). An evaluation of broken, reworked and bad 
preserved tests was carried out. Both planktonic and benthic forami-
niferal species were plotted in percentage values and the relative 
benthos/plankton ratio (B/P) was calculated. This study adopted the 
eco-biostratigraphic schemes of Lirer et al. (2013) and Margaritelli et al. 
(2016), because they offer a complete high-resolution framework for the 
SE Tyrrhenian Sea during the Late Quaternary. 

3.3.3. Tephra layers 
Two cryptotephra, i.e., invisible to the naked eye, were identified 

during the microscope analysis of the core sediments from core LGT5 at 
the depths of 299–300 and 169–170 cm below sea floor (bsf). The glass- 
pumice fraction of the two cryptotephra, labeled CT1 and CT2, was 
handpicked and selected grains were mounted on epoxy resin for 
petrographic and chemical analysis. The morphological and textural 
features of the micropumices and qualitative chemical analyses were 
carried out under a binocular microscope and through a scanning elec-
tron microscopy. Back-scattered-electron images (BSE) and energy- 
dispersive X-ray (EDS) spectra were determined using a FEI-Quanta 
400 (SEM–EDAX) at the Earth Science Department, Sapienza Univer-
sity of Rome (Italy). The grains were then individually analyzed for 
major elements at the IGAG-CNR (Rome, Italy) using a Cameca SX50 
electron microprobe equipped with a five-wavelength dispersive spec-
trometer. Operating conditions were set to 15 kV accelerating voltage; 
15 nA beam current; 10–15 μm beam diameter; 20 s per element 
counting time. A 10 μm defocused beam was used for glass analyses to 
minimize volatilization of sodium. Full matrix correction was based on a 
PAP procedure (Pouchou and Pichoir, 1991). 

3.3.4. AMS radiocarbon dating 
Four samples were collected for AMS radiocarbon dating analyses 

(Table 2). Radiocarbon analyses were performed at Beta Analytic Lab, 
using AMS-standard procedures and chemical pretreatments (acid 
washes and acid-alkali-acid method; https://www.radiocarbon.com/bet 
a-lab.htm). The four radiocarbon dating were obtained from samples at 
164 and 230 cm bsf in core CT10 and from samples at 248 and 354 cm 
bsf in core LGT5. The four samples were selected in order to have age 
constraint of the bottom of the cored succession (samples LGT5-354 and 
CT10-230) and to constrain the age of the coarser divisions of contourite 
sequences (samples LGT5-248 and CT10-164). Although, muddy in-
tervals would have been more suitable to perform radiocarbon dating, 
they were not considered because difficulties in separating the finer- 
grained C1-C5 divisions of two contourite sequences. One sample was 
obtained from a plant remain (remain of marine phanerogams) recov-
ered within the sediment and three from organic material extracted from 
bulk samples. The use of the bulk organic matter has been preferred over 
foraminifera due to the low abundance and fragmented nature of indi-
vidual planktonic foraminifera species. Calibration of radiocarbon age 

Table 1 
Position, water depth and length of the studied sediment cores.  

Gravity core Latitude Longitude Core length (m) Water depth (m) 

CT10 38◦33′40.8′′ 15◦52′15.3′′ 2.3 153 
LGT5 38◦33′10.6′′ 15◦51′56.4′′ 3.55 157  
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to calendar years has been performed using BetaCal 3.21 (Ramsey, 
2009) and INTCAL13 database (Reimer et al., 2013). Sample LGT_248 
has been calibrated using the MARINE 13 dataset (Reimer et al., 2013). 

4. Results 

4.1. Physical oceanography 

Hydrographic data (Temperature-Salinity diagrams and the cross- 
shore vertical hydrographic transects in Fig. 3) show the TSW filling 
the entire surface layer until ~200 m depth; according to the winter 
season, the TSW results to be characterized by T ~ 14.2 ◦C and S ~ 38.0 
(Fig. 3; Hopkins, 1988; Povero et al., 1990; Sparnocchia et al., 1999). 
Below the TSW, we recognize the presence of the tidal branch of LIW (T 
~ 14.2 ◦C and S ~ 38.8), issued directly from the Ionian Sea through the 
Messina Strait. This water mass is observed to flow geostrophically in 
the study area, from 250 m depth to the bottom (LIW in Fig. 3). 
Approaching Capo Vaticano, we also observe a shoreward thickening of 
the interface that separates the TSW and the LIW (the yellow layer 
around 200 m depth, visible in both T and S vertical sections of Fig. 3), 
which reaches a thickness of ~100 m at the eastern side of the transect. 
We identify this water mass, from 150 to 250 m depth, as the modified- 
LIW (T ~ 14.5 ◦C and S ~ 38.5; Fig. 3), which flows along isobaths over 
the CS1 drift. According to previous literature, this water mass shows 
higher temperature and lower salinity with respect to the LIW. The 
shoreward increase of thickness of this layer strongly suggests an 
enhancement of TSW-LIW mixing nearby the intersection between the 
TSW-LIW interface and the sea bottom; this is, likely induced by 
breaking of internal solitary waves that generate at the Strait (Marullo 

and Santoleri, 1986; La Forgia et al., 2018; Cavaliere et al., 2020). 
Accordingly, beam attenuation data indicates an increase in near- 
bottom water turbidity, likely due to sediment resuspension, along the 
bathymetric level between 100 and 300 m depth (Fig. 3). Near-bottom 
LADCP measurements show maximum alongshore velocity of ~8 cm/s 
over the CS1 drift (Fig. 3). All hydrographic parameters we analyzed 
show, in general, a good correspondence between the bathymetric level 
over which the modified-LIW interacts with the seafloor and the location 
of the study contourite drift, i.e., approximately 150–250 m depth (Fig. 
3). 

4.2. Seismic stratigraphy 

The shallow subsurface of the study area is characterized by 3 
seismic units (SU1, SU2 and SU3, Figs. 2 and 4) that correspond to those 
described by Martorelli et al. (2016). Seismic unit SU1 consists of shelf 
deposits bounded by the seafloor at their top and by an erosive surface at 
their base (i.e., the Last Glacial Maximum unconformity; LGM-U in 
Fig. 4). Unit SU2 includes both turbidites (mostly confined to the 
northern levee of the Mesima Canyon; Fig. 2) and contourites that form 
different elongated drifts (CS1, CS2, CS3 and Cos in Fig. 2). Unit SU2 is 
bounded at its base by the ES surface (Figs. 4 and 5). This surface is 
erosional in many profiles crossing the contourite drifts, down to about 
300 ms TWT, and is likely correlated to the LGM unconformity observed 
on the shelf sector. Seismic unit SU3 consists of a lowstand wedge- 
shaped prograding deposit (Figs. 2 and 4). More in detail, Chirp pro-
files across contourite drifts show that unit SU2 can be subdivided in 5 
subunits (Figs. 4, and 5), generally a few meters thick (ca. max. 10 m). 
These subunits are characterized by distinct seismic facies and separated 

Table 2 
14C-AMS radiocarbon data obtained for the sediment cores.  

Sample name Depth bsf (cm) Laboratory code Analyzed material δ13C (‰) 14C age (year BP) Cal Age (year BP) 

CT10_164 164 Beta-499850 Organic sediment − 24.5 1320 +/− 30 1298–1228* 
CT10_230 230 Beta-499849 Organic sediment − 23.6 5180 ±30 5991–5905* 
LGT5_248 248 Beta-499848 Plant material − 12.9 1850 ±30 1336–1446** 
LGT5_354 354 Beta-499847 Organic sediment − 24.1 3630 ±30 3994–3854*  

* INTCAL13 database. 
** MARINE13 database. 

Fig. 4. Interpreted Chirp seismic profile P1 showing seismic units (SU1, SU2 and SU3) identified in the study area and main seismic subunits identified within Unit 
SU2. See Fig. 2 for location of P1 seismic profile. The dashed rectangle indicates profile P3 shown in Fig. 5. 

E. Martorelli et al.                                                                                                                                                                                                                              



Marine Geology 431 (2021) 106372

7

by non-depositional or erosional surfaces. Minor non-depositional or 
erosional surfaces are also present within the subunits. From the bottom 
to the top the subunits are:  

• subunit SU2-A, characterized by moderate amplitude and high- 
continuity reflectors;  

• subunit SU2-B, characterized by moderate amplitude and high- 
continuity reflectors;  

• subunit SU2-C, characterized by a few high-amplitude and high- 
continuity reflectors;  

• subunit SU2-D, characterized by a few high-amplitude and high- 
continuity reflectors in the lower portion (SU2-D1) and by several 
high-amplitude and high-continuity reflectors in the upper portion 
(SU2-D2).  

• subunit SU2-E, characterized by a semitransparent facies. This unit 
drapes both drift CS1 and CS2 with minor changes in thickness; 
locally (e.g. the erosional terrace, the shelf break sector and some 
moat areas) it can be absent or very thin. 

4.3. Core lithology and grain size features 

In general, both cores show a dominance of silt and variable sand 
content, with values between 7 and 50% in core CT10 and between 10 
and 53% in core LGT5 (Fig. 6); clay content varies between 7 and 29%. 
The composition of the sand fraction >88 μm is mostly siliciclastic. 
Sediment distribution is generally polymodal with a fine tail in both the 
cores (Fig. ESM1). In the lower part of core CT10, sediment distribution 
is characterized also by a coarse-grained tail (Figs. 6 and ESM1). 

4.3.1. Lithological units 
Based on grain size data, colour and sedimentary structures, three 

distinct lithological units (units 1, 2 and 3) can be recognized in the 
cores; unit 2 was differentiated in two sub-units (2a and 2b) due to 
differences in grain size (Fig. 6). From the bottom upwards these are: 

Unit 1 (11 cm thick; basal part of core CT10: 220–231 cm core depth; 
Figs. 6, 7 and ESM2a): dark olive to olive grey, silty sand with scattered 
lithic clasts ranging in size from coarse sand to pebbles 0.5 cm across 
(Fig. 7). The upper contact is irregular. The dominant mode values are in 
the coarse silt-sand range (e.g., 62–1414 μm, Table ESM1). The max. 
Sand content is 50%, the D50 min. is 69 μm (very fine sand) and the D50 

Fig. 5. Seismic subunits identified within Unit SU2 across drift CS1; upper panel Chirp seismic profile P3 across core CT10; lower panel Chirp seismic profile P2 
across core LGT5 (see Fig. 2 for location of P2 and P3 seismic profiles). Moat erosion can be recognized within the different subunits forming drift CS1, with an 
upslope migration through time. The location of the cores with indication of the lithological units is also indicated (Unit 1: blue rectangle; sub-unit 2a: yellow 
rectangle; sub-unit 2b: red rectangle; Unit 3: grey rectangle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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max. is 314 μm (medium sand). In the upper part this unit is fining 
upward. Sediment is very poorly sorted (10− 12) and characterized by 
negative to positive skewness and platykurtic distribution (Figs. 8, 
ESM2b and Table ESM1). 

Sub-unit 2a (225 cm thick; core LGT5: 130–355 cm core depth): 
alternating homogenous olive grey sandy silt (finer-grained intervals) 
and dark olive grey sandy silt and silty sand (coarser-grained intervals); 
locally the coarser-grained intervals have a mottled appearance (Fig. 

Fig. 6. Grain size and abundance of cold and warm groups of foraminifera along cores CT10 and LGT5. Lithological units (units 1 to 3), bi-gradational sequences (S0 
to S4 and SII to SIV) and C1 to C5 divisions (yellow rectangles indicate C3 divisions; orange rectangles indicate C2 and C4 divisions; brown rectangles indicate C1 and 
C5 divisions) identified within the cores are also indicated. Red triangles indicate tephra CT1 and CT2. Black arrows indicate 14C radiocarbon dates. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ESM2a). Upper and lower contacts are gradational. The dominant mode 
values are in the coarse silt range (62 μm, Fig. ESM1). Finer-grained 
intervals have a max. Sand content of 31%, whereas the coarser-grained 
intervals have a max. Sand content of 53%, and are generally composed 
of small pockets and irregular fine layers (laminae). Finer and coarser- 
grained intervals are arranged in three main sedimentary sequences 
(S1, S2 and S3 in Figs. 6 and 7) characterized by a bi-gradational grading 
(fine to coarse sediment followed by coarse to fine sediment). Possible 
further bi-gradational sequence are the S4 sequence (Fig. 6), though not 
so well developed as S1, S2 and S3, and part of a sequence that is present 
at the base of the core (S0). In the bi-gradational sequences, D50 values 
range between 13 and 23 and 63–64 μm (S1, S2 and S3), whereas D50 
values range between 34 and 43 μm in the S4 sequence (Table ESM1). 
The sequences are characterized by poorly sorted to very poorly sorted 
(3–4.5) sediment and negative skewness (− 0.7 to − 0.1). Kurtosis varies 
between platykurtic and leptokurtic (0.8–1.4; Fig. ESM2b and Table 
ESM1). Coarser-grained intervals are better sorted than finer-grained 
ones and sediment distribution is more negatively skewed. Kurtosis 
values vary from platykurtic/mesokurtic (finer-grained intervals) to 
leptokurtic (coarser-grained intervals) (Figs. 8 and ESM2b). 

Sub-unit 2b: (111 cm thick; CT10: 108–219 cm core depth): dark 
olive grey sandy silt fine layers or pockets and subordinate thin finer- 
grained intervals; locally the coarser-grained intervals have a mottled 
appearance. Upper and lower contacts are gradational. The dominant 
mode values are in the coarse silt range (62 μm, Fig. ESM1). Finer- 
grained intervals have a max. Sand content of 30%. Coarser-grained 
intervals are very poorly sorted and have a max. Sand content of 36%. 
Within this unit, three sedimentary sequences with a bi-gradational 
trend can be distinguished (SII, SIII and SIV in Figs. 6 and 7). These 
sequences have D50 values ranging between: 14–18 and 22–39 μm, and 
sediment is very poorly sorted (4.2–7.6), fine skewed or symmetrical 
and kurtosis varies between platykurtic and leptokurtic (0.9–1.4; Table 
ESM1). Coarser-grained intervals of sequences SII and SIII are generally 
characterized by a decrease of sorting and are more leptokurtic than 
finer-grained intervals. In sequence SIV, kurtosis and sorting are rela-
tively constant whereas skewness slightly decreases in coarser-grained 
intervals (Fig. 8 and ESM2b). 

Unit 3 (108–130 cm thick; upper part of cores CT10 (0–108 cm) and 
LGT5 (0–130 cm): olive grey homogeneous silt and sandy silt, except for 
the upper yellowish brown 1 cm, possibly representing an oxidized layer 

Fig. 7. Contourite sequences identified in the Capo Vaticano sediment cores, with indication of contourite divisions C1 to C5, and detail of core photographs of Unit 1 
(core CT10), sequence S3 (core LGT5) and SIII (core CT10). Grey rectangles indicate the position of core photographs. Position of cryptotephras and 14C dates are 
also indicated. 
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Fig. 8. Cross-plots of mean size against sorting (upper panel), skewness (middle panel) and kurtosis (lower panel) for lithological units and contourite sequences of 
cores CT10 and LGT5. The reddish areas indicate the grain size trend observed on contourite deposits of the Gulf of Cadiz (derived from Brackenridge et al., 2018). 
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(Fig. ESM2a). The dominant mode values are in the coarse silt range (62 
μm, Fig. ESM1).The max. Sand content is 25%. D50 varies between 10 
and 28 μm (Fig. 6). Sediment is very poorly sorted (4–4.6) and sediment 
distribution is generally platykurtic (ca. 0.8–0.9) and fine skewed (− 0.1 
to-0.4) (Fig. 8 and ESM2b, Table ESM1). 

4.4. Benthic and planktonic foraminifera assemblages 

Microfaunal results were described following the subdivision in 
lithological units indicated in Section 4.3, to better constrain the sedi-
mentary processes and stratigraphic events. A more detailed description 
is reported in figures ESM3 and ESM4. Broken/reworked tests of benthic 
and planktonic foraminifera are always present along the cores and, in 
some samples, they are abundant or very abundant. Nevertheless, the 
fluctuations of their abundance are not clearly linked to grainsize 
variations. 

4.4.1. Benthic assemblages (Fig. ESM3) 
Unit 1: is characterized by the dominance of Cassidulina spp. (Cas-

sidulina crassa, 12.25%; Cassidulina carinata, 13.20%) and Globocassi-
dulina subglobosa (12.45%). Significant values (about 13% in total) of 
typical infralittoral (Elphidium spp., Lobatula lobatula, Quinqueloculina 
seminulum, Ammonia beccarii) species are also recorded. The benthic 
fraction dominates the planktonic one (the mean B/P ratio is 1.50). 

Sub-unit 2a: C. carinata, V. bradyana and G. subglobosa are the most 
abundant species in all sequences, though significant fluctuations. The 
benthic fraction is generally subordinate to the planktonic one. 

Sub-unit 2b: though significant fluctuations, the qualitative compo-
sitional content of the benthic foraminiferal assemblages is similar to 
that observed in Unit 1. A slight increase of agglutinated taxa, such as 
Textularia bocki is evidenced in SIII (6.16%). The B/P ratio increases 
from SII (1.41) to SIV (1.91). 

Unit 3: in core CT10, B. spathulata (10.41%), C. carinata (37.37%) 
and B. marginata (7.89%) increase significantly while V. bradyana shows 
similar values about 12.40% in respect of the previous units. In core 
LGT5, this unit is characterized by the dominance of C. carinata 
(18.81%) and V. bradyana (14.09%). In both the cores the B/P ratio is 
mostly >1. 

4.4.2. Planktonic assemblages (Fig. ESM4) 
Unit 1: plankton is mainly represented by Globigerina bulloides 

(18.36%), Globigerinoides ruber (16.64%), G. quadrilobatus (12.61%) and 
Turborotalita quinqueloba (11.06%). 

Sub-unit 2a: though some significant quantitative fluctuations, in all 
sequences T. quinqueloba (about 30%) and G. bulloides (about 24%) 
dominate. 

Sub-unit 2b: T. quinqueloba (18.93%), G. bulloides (17.87%) and 
G. glutinata (13.20%) dominate in all sequences. In sequence SIV, the 
increase of G. ruber (11.37%) is observed. 

Unit 3: in core CT10 G. bulloides (21.65%) and T. quinqueloba 
(18.36%) increase significantly and dominate together with G. glutinata 
(10.07%). In core LGT5, Unit 3 is characterized by highest frequencies of 
T. quinqueloba (33.08%) and G. bulloides (26.04%). Globigerinoides spp. 
increase with values of 9%. 

In general, the herbivorous group is always more abundant than 
carnivorous taxa showing a similar trend in both cores (Fig. ESM4). 
However, some fluctuations can be highlighted: five peaks of carnivo-
rous taxa along CT10 core and two along LGT5 core. Though significant 
fluctuations, cold taxa are generally more abundant than warm ones, in 
both the cores (Figs. 6). 

4.5. Age constraints and model 

Age information derive from four radiocarbon ages and two cryp-
totephra ages. The radiometric ages and related calibrated ages (BP) 
obtained from radiocarbon analyses are listed in Table 2. The results 

indicate a calibrated age of 5991–5905 cal. yr BP and 3994–3854 cal. yr 
BP for the basal part of core CT10 and LGT5, respectively (Fig. 6). 
Sample CT10 164 has the youngest calibrated age (1298–1228 cal. yr 
BP). Sample LGT5 248 has a calibrated age of 1336–1446 cal. yr BP. 
Radiocarbon analysis indicates that the max. Age of the cored sections is 
ca. 6 ka. The two cryptotephra ages were obtained by samples CT1 and 
CT2, identified in core LGT5. Cryptotephra CT1 (299–300 cm bsf) 
consists of light grey high vesicular micropumices, sub-rounded to sub- 
angular in shape (Fig. ESM5) with phonolite composition, according to 
the Total Alkali-Silica classification diagram (TAS, Le Maitre, 2002; Fig. 
ESM6). Cryptotephra CT2 (169–170 cm bsf) is composed of transparent, 
aphyric and high vesicular micropumices with stretched bubbles (Fig. 
ESM5), and rhyolite composition, according to the TAS classification 
(Fig. ESM6). Further details of chemical composition of CT1 and CT2 
cryptotephras are provided in Fig. ESM6. Available radiocarbon chro-
nology for core LGT5 (Table 2), indicates that the two cryptotephra have 
an age younger than 4 ka. When compared with Late Holocene products 
from the main active volcanoes (Campi Flegrei, Somma-Vesuvius, Ischia 
Island, Aeolian Islands and Etna; e.g., Santacroce et al., 2008; Crocitti 
et al., 2019), the petrographic and chemical features of the CT1 
micropumices result to be associated with the Vesuvius products, in 
particular with the products of the 79 CE eruption of Pompeii (see Fig. 
ESM6 for further details). The composition of crypto-tephra CT2 is 
typical of the high-K calc-alkaline series erupted by Aeolian arc vol-
canoes and in particular Lipari island (e.g., Peccerillo, 2017). Its strati-
graphic position above cryptotephra CT1 correlated to Pompeii 
eruption, along with the comparison with available geochemical data 
(Caron et al., 2012; Crocitti et al., 2019; Fig. ESM6) suggest that crypto- 
tephra CT2 can be correlated with the M. Pilato-Rocche Rosse eruption 
from Lipari Island (see Fig. ESM6 for further details) aged at 760 CE 
(1190 yr BP) and 1220 CE ± 30 (730 yr BP; Tanguy et al., 2003). 

The various age information support the construction of the age 
model for core LGT5 and correlation between D50 and foraminifera 
warm-cold groups data on a age basis (Fig. 9); the age model for core 
LGT5 was obtained by linear interpolation between age constraint ob-
tained from one 14C date and cryptotephras CT1 and CT2. Differently, 
age information for core CT10 is insufficient to construct the age model, 
although radiocarbon ages and foraminiferal assemblages would indi-
cate a Late Holocene age. Accumulation rates of ca. 1.1 mm/yr 
(sequence S2, between CT1 and 1386 yr BP radiocarbon age) and 1.9 
mm/yr (sequences S2 and S3, between CT1 and CT2 cryptotephras) can 
be estimated for contourite deposits. Although some limitation might 
arise due to the low number of age control points and possible un-
certainties derived by the use of organic matter for radiocarbon age 
determinations (Ausin et al., 2019), the coherency of age information 
obtained by tephras and radiocarbon age would suggest a rather 
consistent chronostratigraphic reconstruction. The model is also 
consistent with age information derived from foraminifera (Fig. ESM4): 
1) the bottom of core LGT5 should belong to the basal part of ecobiozone 
2F that started around 3700 BP; 2) close to the base of unit 3 a peak of 
carnivorous taxa at 140 cm in LGT5 might represent the end of the Dark 
Ages Cold Period (DACP; Lamb, 1995); 3) within unit 3, the warmer 
phase of the Medieval Warm Period at about 750 BP is possibly marked 
by a peak of G. ruber at 111 cm in LGT5. Moreover, a good correlation 
between the trend of warm-cold foraminifer groups with SST data from 
the Tyrrhenian Sea (Cacho et al., 2001) and Gulf of Lions (Jalali et al., 
2016) is observed (Fig. 9). 

4.6. Stratigraphic correlation 

The correlation between seismic and core stratigraphy indicates that 
both the cores LGT5 and CT10 recovered sediments from seismic subunit 
SU2-E, SU2-D2 and SU2-D1 (Fig. 5). The homogeneous silty sediment of 
Unit 3, recovered in the upper part of both cores LGT5 and CT10 (Fig. 6), 
correlates with seismic subunit SU2-E that is characterized by semi-
transparent facies. The silty sand interval with scattered lithic clasts 
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(Unit 1) recovered in the lower part of core CT10 possibly correlates 
with the upper part of seismic subunit SU2-D1. Lithological sub-units 2a 
and 2b correlate with seismic subunit SU2-D2 (Fig. 5). Thus, it is likely 
that the high-amplitude reflectors of this seismic unit are determined by 
the coarser-grained intervals forming the contourite sequences. In 
addition, seismic stratigraphy indicates that the sub-units 2a and 2b are 
likely coeval, as they belong to the same seismic subunit. 

5. Discussion 

5.1. Interpretation of Capo Vaticano deposits as contourites 

The bi-gradational sequences identified in the cores (sub-units 2a 
and 2b) from the crest and moat sectors of the CS1 mounded-elongated 
drift point to the occurrence of sediment deposited under the action of 
along-slope geostrophic bottom currents, as observed grain size varia-
tions (Figs. 6, 7 and Table ESM1) are consistent with those described in 
the standard contourite facies model (Brackenridge et al., 2018; Stow 
and Smillie, 2020). This model of facies shows a negative grading (from 
muddy through silt-mottled to sandy sediment) and then a positive 
grading (back through to muddy facies) and the components of a com-
plete sequence are indicated by the C1–C5 notation. Based on grain size 
data, coarser-grained intervals (silty-sand and sandy-silt) identified in 
sub-unit 2a and 2b would represent C3 divisions; finer-grained intervals 
(sandy-silt) can be associated to C2-C4 divisions and the finest ones to 
C1-C5 divisions (Tab. ESM1). Core LGT5 shows three complete bi- 
gradational sequences within sub-unit 2a (S1, S2 and S3) and one less- 
developed sequence (S4). Similarly, the three bi-gradational sequences 
observed in core CT10 (SII, SIII and SIV; sub-unit 2b) would reflect 
complete sequences of divisions C1-C5. The sequences are a few deci-
meters thick (24–65 cm) and based on visual observation there are no 
clear traces of large-scale and distinct burrows, however possible bio-
turbational mottling can be locally observed (Fig. ESM2a). The inter-
pretation of bi-gradational sequences as contourite deposits is also 
sustained by correlation of lithological sub-units 2a and 2b with seismic 
subunit SU2-D2, characterized by sigmoidal to upward-convex external 
form, high amplitude facies and upslope migration (Rebesco and Stow, 

2001). Further indication of deposition from bottom currents is provided 
by benthic foraminifera assemblages. Although these assemblages are 
very similar along the two cores and in the recent sediments (Di Bella 
et al., 2017), some differences can be identified between assemblages 
observed within the contourite sequences and muddy deposits forming 
Unit 3. Within the contourite sequences G. subglobosa is more abundant 
than C. carinata, which dominates the most recent assemblages (Unit 3), 
as also recorded in Cosentino et al. (2017). Although ecological factors 
determining the predominance of G. subglobosa over C. carinata and vice 
versa are still debated, in our case the greater abundance of G. subglobosa 
in the contourite sequences would highlight more oligotrophic condi-
tions and enhanced bottom current velocities (Jorissen, 1987; Schmiedl 
et al., 1997; Martins et al., 2007; and references therein). Its capability 
to live in environments affected by intense bottom currents has been 
suggested in other settings, such as the Campos (de Mello e Sousa et al., 
2006) and Gioia margins (Di Bella et al., 2017). Cassidulina carinata that 
is more abundant in muddy deposits of Unit 3 is the most important 
opportunistic species in recent eutrophic conditions in outer neritic and 
bathyal bottoms of the Mediterranean Sea (Blanc-Vernet, 1969; Sgar-
rella and Moncharmont-Zei, 1993; Abu Zied et al., 2008). This taxon is 
frequently recorded as epifaunal/shallow infaunal deposit feeders 
(Corliss and Fois, 1990; Murray, 2006; Zarries and Mackensen, 2010), 
indicative of intermediate organic carbon fluxes and high seasonality 
(Eberwein and Mackensen, 2008). In addition, the constant dominance 
of the planktonic herbivorous over the carnivorous group suggests the 
persistence of cold and nutrient-rich water masses during the whole time 
interval recorded by core sediments. These conditions would be 
consistent with the oceanographic characteristics of the study area and 
the presence of the modified-LIW in this depth interval. 

As a whole, obtained results point to the occurrence of complete bi- 
gradational sequences arranged in a cyclic pattern, wherein a single 
sequence possibly formed during a multicentennial time interval. Since 
the bi-gradational grading generally develops over relatively longer 
time intervals (typically several millennia, Stow and Smillie, 2020), the 
Capo Vaticano sequences represent a high-resolution record of con-
tourite sedimentation. 

Fig. 9. Comparison of D50 and foraminifera warm-cold groups data for core LGT5 with indication of main climatic phases and SST data from the Mediterranean Sea 
(Cacho et al., 2001; Jalali et al., 2016). LIA: Little Ice Age (ca. 100–700 BP); MWP: Medieval Warm Period (ca. 700–1100 BP); DACP: Dark Ages Cold Period (ca. 
1600–1100 BP); RWP: Roman Warm Period (ca. 2450 BP- 1600 BP). Climate periods from Helama et al. (2017). CR3, CR4, CR5 and CR6 indicate short cooling events 
from Jalali et al. (2016). 

E. Martorelli et al.                                                                                                                                                                                                                              



Marine Geology 431 (2021) 106372

13

5.2. Other processes possibly interacting with contourite formation 

Taking into account the geological and oceanographic setting of the 
study area further processes possibly interacting with formation of 
contourite sequences are outlined below. 

5.2.1. Breaking of internal solitary waves 
Breaking of internal solitary waves on sloping surfaces creates 

episodic and repetitive energetic events, able to induce an excess of bed 
shear stress that act on bottom sediment, thus generating resuspension 
and transport of bottom sediment (Cacchione and Wunsch, 1974; Reeder 
et al., 2011; Pomar et al., 2012; Yin et al., 2019; Miramontes et al., 
2020). Typically, such a kind of high-turbulent events occur in mid-shelf 
settings, at the shelf edge, over the continental slope and in submarine 
canyons, depending on the depth at which interfaces between water 
masses intersect the sea floor (e.g., Ercilla et al., 2016). 

South of Capo Vaticano (Fig. 1), Marullo and Santoleri (1986) hy-
pothesized mixing processes at the interface between the LIW and the 
TSW, resulting from internal solitary wave breaking. According to these 
authors, and experimentally verified by La Forgia et al. (2018), internal 
solitary wave breaking events over the frontal slope of Capo Vaticano 
may cause high bottom shear stress and turbulent phenomena at the 
bottom layer. Sedimentological features observed in the study cores do 
not provide evidence of deposits that can be attributed to internal waves 
(e.g., cross lamination, rip-up clasts, cross bedding related to large-scale 
bedforms; Reeder et al., 2011; Bádenas et al., 2012; Gao et al., 2013). 
However, breaking of internal waves might provide an additional source 
of sediment that, in turn, can be entrained in the bottom current, and 
then redistributed along the geostrophic path. This hypothesis is sup-
ported by the spatial co-occurrence between − 150 and − 250 m depth 
of: 1) sediment resuspension, forming a ca. 50 m thick nepheloid layer 
(sensu Dickson and McCave, 1986; Fig. 3); 2) the theoretical sector 
predicted by Cavaliere et al., 2020 for internal solitary wave breaking; 
and particularly 3) the shoreward thickening of the mixing-induced 
modified-LIW (see Section 4.1) that would testify the presence of in-
ternal solitary wave breaking phenomena. All this suggests a possible 
role of internal solitary waves in sediment resuspension with possible 
influence on contourite features. 

5.2.2. Storm climate 
As the study area is characterized by a very narrow shelf, a sedi-

mentary linkage between the shelf and slope sector with off-shelf 
transport of sediment might be present (Harris and Wiberg, 2002; 
Bender et al., 2012) and variability of storm activity might exert a 
control in the accumulation of the contourite sequences. The shelf 
sediment export can be relevant in oceanic continental shelves, but less 
probable on the moderate-energy (lack of strong tides and swell waves) 
setting of the central Mediterranean shelves, where wave resuspension is 
mostly restricted to the inner shelf (e.g., Lo Iacono and Guillén, 2008). 
Therefore, a direct storm control on the formation of the Capo Vaticano 
sequences seems to be unlikely, unless stormier conditions occurred 
during their formation, as for instance suggested for the NW Mediter-
ranean Sea during the Holocene (Sabatier et al., 2012). 

5.2.3. Turbidity currents 
In the study area turbidite systems, including submarine canyons and 

channels have been recognized by Martorelli et al. (2016). As the 
studied cores are located some kilometers northward from the Mesima 
canyon (i.e. downstream with respect to the flow of the modified-LIW, 
Fig. 2), the interaction between turbidite and contourite deposition 
might be possible. The distinction between down-slope and along-slope 
processes is not obvious and still controversial, even if recently it 
received attention (e.g., Mulder et al., 2008, 2013; Alonso et al., 2016; 
Ercilla et al., 2019). A consensus has been achieved on differences be-
tween these systems at a broad scale (depositional systems, architectural 
elements, seismic units), whereas diagnostic criteria at small-scale 

(cores and field) are still in debate and revision (e.g., Rebesco et al., 
2014; Alonso et al., 2016; Stow and Smillie, 2020). In our case, the 
occurrence of complete bi-gradational sequences, along with the lack of 
normally-graded sequences that can be related to the classic turbidite 
facies models (Bouma, 1962; Stow, 1977; Lowe, 1982) and of sharp- 
erosional basal contacts, suggests the lack of significant interaction be-
tween these processes. The observation of similar dominant mode values 
within the sequences would also suggest the absence of turbidite 
deposition (interbedded turbidites would display different modes), in 
agreement with the distinguishing criteria proposed by Alonso et al. 
(2016). In addition, the lack of climbing ripples and the occurrence of 
symmetric to asymmetric sequences (with normally graded units that 
are usually thinner than the inversely graded units) also point to an 
opposite trend with respect to those type of turbidites generated by 
hyperpycnal flows (e.g., Mulder, 2011), possibly formed in the nearby 
area by the Mesima River. 

5.3. Insights into sedimentary processes governing deposition of Capo 
Vaticano contourites and variability of deposition in the CS1 elongated 
drift 

5.3.1. Comparison with textural features of other contourite deposits 
The occurrence of well-developed and complete C1-C5 sequences 

provides the opportunity to gain information on sedimentary processes 
governing their deposition and to outline a small-scale variability in 
sedimentation. Capo Vaticano sequences have distinctive grain size 
signature that is similar to those recently described for sandy-silty and 
sandy contourites (Fig. 8; Brackenridge et al., 2018). A deeper look at 
grain size data indicates that vertical variations of grain size parameters 
(mean, sorting, kurtosis and skewness) in the contourite sequences 
follow specific trends within the units (Fig. 8 and Table ESM1), sug-
gesting that they might provide additional information to distinguish 
different depositional processes (Brackenridge et al., 2018; Stow and 
Smillie, 2020). The main trends are: 

i) Contourite sequences belonging to sub-unit 2a are generally 
characterized by an increase of sand percentage and sorting with 
increasing grain size, reaching maximum sand percentage and better 
sorting within C3 divisions (Fig. 8). Also Kurtosis has a distinctive trend 
of values (from platykurtic to leptokurtic) as grain size increases from 
C1-C5 divisions to C3 divisions. Moreover, sediment displays a pro-
gressively finer skewed distribution within the C3 divisions. The 
observed patterns are consistent with an overall gradual increase of 
current speed followed by a decrease, as commonly observed in stacked 
complete sequences (e.g., Stow and Faugeres, 2008). According to 
Brackenridge et al. (2018), the near symmetrical sediment distribution 
of fine-grained intervals (C1 and C5 divisions) is consistent with sedi-
ment deposited by settling from weak bottom currents, whereas the 
better sorting achieved in C3 divisions would indicate a decrease in 
deposition from the suspended load and increase of sediment deposited 
by the saltation load. 

ii) In contourite sequences belonging to sub-unit 2b the trend of grain 
size features is less obvious and varies in the different sequences (Table 
ESM1, Fig. 8). In sequence SIV the trend are similar to those observed in 
sequences of sub-unit 2a. Sequences SII and SIII are characterized by a 
kurtosis trend with increasing grain size similar to the SIV trend but they 
show a decrease of sorting accompanied by a finer skewed distribution 
(sequence SIII) or by a near symmetrical distribution (sequence SII). 
These patterns differ from those observed in classic sequences and their 
interpretation is not straightforward. However, the observed decrease of 
sorting within C3 divisions might be determined by presence of coarse 
sediment (sand and microgravel). 

iii) The portion of sequence recovered within Unit 1 is characterized 
by the coarsest sediment (D50 max. of 314 μm), poorest sorting and 
negative to positive skewness (tail of coarse-grained sediment). These 
distinctive grain size features would indicate deposition in a high-energy 
environment (e.g., an active moat channel), similar to sandy contourites 

E. Martorelli et al.                                                                                                                                                                                                                              



Marine Geology 431 (2021) 106372

14

subject to winnowing (Stow et al., 2002c; Brackenridge et al., 2018). 
iv) The muddy sediment composing the recent most deposit (Unit 3) 

represents hemipelagic sediment deposited under the influence of weak 
bottom currents, reflecting a general decrease of current speed. 

5.3.2. Variability of contourite sedimentation in the CS1 elongated drift and 
occurrence of sandy facies 

Changes in the textural characters of bi-gradational sequences indi-
cate a variability of contourite sedimentation across drift CS1, both in 
space and in time. This variability is displayed also by seismic profiles, as 
both seismic sub-units SU2-D1 and SU2-D2 (i.e., the seismic subunits 
correlated with the cored contourite sequences) show different charac-
teristics across the drift (moat and crest sectors). Although more infor-
mation is needed to completely decipher these complex elements of the 
contourite system, hereafter we attempt to outline and discuss the main 
sedimentary features of moat and crest sectors and their variability 
through time (Fig. 10). 

5.3.2.1. Drift crest sector. The drift crest sector, which is characterized 
by development of complete contourite sequences (S1, S2, S3) including 
sandy facies, likely reflects deposition of typical drift deposits (Drift 
deposit in Fig. 10b). These sequences developed in a rather similar way, 
without significant changes in sediment grain size features through the 
Late Holocene, probably as a consequence of the substantially fixed 
position of the crest sector through time (Fig. 5). In this sector, con-
tourite deposits reach the maximum thickness (Fig. 10a, b), similarly to 
what is generally observed in elongated-separated drifts (e.g., Howe 
et al., 1994). Interestingly, the examined cores indicate that C1 and C5 
divisions of contourite sequences also contribute to the thickening of the 
deposits in the crest sector. This should be consistent with observation of 
an increased thickness of muddy facies laterally away from the main 
current core (Brackenridge et al., 2018). 

5.3.2.2. Moat sector. Both seismic and core data indicate a more com-
plex sedimentation in the moat sector with development of different 
deposits through time. It includes thin complete contourite sequences 
(sub-unit 2b) with variable grain size features, coarse-grained deposits 
(Unit 1) evidence of erosion/non deposition and reworking (Fig. 10a). 
According to Martorelli et al. (2016), seismic profiles indicate that the 
moat migrated upslope through time (see deposition of subunit SU2-D2 
and SU2-D1). “True” moat deposits are likely represented by deposits 
forming Unit 1 (D50 max. of 314 μm, with lithic clast up to 0.5 cm in 
size, with poorest sorting among the cored succession) that developed in 
a moat active during emplacement of seismic sub-unit SU2-D1 (ca. 6000 
cal. yr BP; Fig. 10a), where high energy conditions determined also the 
slight reworking observed on seismic profiles. Differently, during the 
successive emplacement of seismic sub-unit SU2-D2 (Fig. 10), the moat 
sector is characterized by deposition of contourite sequences (SII, SIII 
and SIV), whose grain size features differ from those of standard con-
tourite sequences (Fig. 8). Here, seismic profiles possibly indicate that 
this sector is influenced by sedimentation of the distal-finer portion of 
drift deposits (Fig. 10b), likely favored by the progressive upslope 
migration of the active moat, which hampered erosive-bypass processes 
allowing local accumulation of distal drift deposits. Actually, this 
interpretation is not obvious, as in separated drifts the moat is 
commonly described as a non-depositional/erosive area or is charac-
terized by sedimentation under higher energy condition (Rebesco et al., 
2014 and references therein), although it may host different type of 
deposits (e.g., turbidites and hemipelagites; Lebreiro et al., 2015). 

To summarize, the above features indicate a more complex pattern of 
sedimentation in the moat sector than the crest, highlighting a dynamic 
environment where different deposits may develop through time, and 
suggesting that during the evolution of elongated-separated drifts this 
sector can host sedimentation related both to “true” moat processes and 
to distal-lateral deposition of sediment forming drift deposits. This 

finding would highlight that further studies are needed to completely 
decipher this complex environment. 

It is also noteworthy that, Capo Vaticano deposits include coarser 
sandy facies that occur as moat-related lag deposits, and finer sandy 
facies that form C3 divisions of complete bi-gradational sequences 
accumulated on drift deposits close to the crest sector. This finding is 
relevant because generally sand-rich contourites are relatively rare 
along the continental margins and sandy sequences are generally trun-
cated (or absent), if compared to finer-grained successions (Stow and 
Smillie, 2020). Analogously to other examples of sandy contourites 
recognized along the upper sector of the continental slope, such as the 
Faro drift in the Gulf of Cadiz (Gonthier et al., 1984; Stow et al., 2002b), 
the Brazilian margin-Campos slope (Viana et al., 2002) and the northern 
Tyrrhenian Sea (Miremontes et al., 2016), the occurrence of sandy facies 
offshore Capo Vaticano would highlight that relatively shallow water- 
energetic environments impacted by surface or intermediate water 
masses and proximal to sandy sources may represent favorable settings 
for accumulation of sandy sediment. In addition, the finding of sandy 
facies close to the crest sector of drift deposits would indicate that at 
shallow depths these sectors can represent favorable settings for accu-
mulation of sandy contourites. 

5.4. Imprint of millennial- and multicentennial-scale bottom current 
variability in Capo Vaticano contourites 

Seismic stratigraphy indicates that drift CS1 formed during the post- 
LGM period. Both cores sampled the upper part of drift CS1 (subunits 
SU2-D2 and SU2-E, Fig. 5) where geochronological constraint, indicate 
that they approximately span the time interval of the middle-late Ho-
locene (Fig. 10). The architecture of drift CS1, including several seismic 
subunits separated by non-depositional/erosive surfaces, and the 
finding of complete bi gradational sequences within the sediment cores, 
would indicate variations of contourite sedimentation at different 
timescales. Due to the shallow setting of the study area, cyclic variations 
of contourite sedimentation recorded by seismic units composing drift 
CS1 can be attributable to fluctuations of bottom current activity mostly 
governed by sea-level changes and climate variations. In fact, during the 
Late Quaternary high-amplitude glacio-eustatic sea level changes (with 
a ca, 120 m lowered sea-level during the LGM period; Peltier and Fair-
banks, 2006) affected the distribution of water masses, depth of in-
terfaces and overall architecture of drift CS1. The erosive character of 
the lower boundary (ES in Fig. 5) of drift CS1 might indicate that 
vigorous bottom currents occurred around the LGM period, although, 
these currents were likely related to a surface water mass as the sea-level 
was considerably lower. Differently, in the upper part of drift CS1 (e.g., 
seismic subunits SU2-D1, D2 and E, Figs. 4 and 5) the deposits formed 
during the Holocene highstand period, when the sea level approached its 
present position. Therefore, bottom currents responsible for their for-
mation can be related to an intermediate water mass, likely represented 
by the paleo modified-LIW (Figs. 1 and 3). For Holocene deposits sea 
level variations can be considered subordinate, whereas climate factors 
operating at different time scales would have played a major role. It is 
well known that climate variability and intermediate/deep-water cir-
culation are intimately linked (e.g., Rohling et al., 2015), with rapid 
cooling (e.g., D/O stadials) and warming events (e.g., D/O interstadials) 
superimposed on the Milankovitch forcing. In the Mediterranean, these 
climatic events promoted enhancement or reduction of the circulation 
during colder and warmer periods, respectively (e.g., Cacho et al., 2000; 
Frigola et al., 2008; Angue Minto’o et al., 2015; Tripsanas et al., 2016). 
In the northern Tyrrhenian Sea, recent studies (Toucanne et al., 2012; 
Angue Minto’o et al., 2015; Miramontes et al., 2016) recognized high- 
frequency (millennial-scale) variations of contourite sedimentation 
related to the variability of LIW, with a weaker activity during late 
Quaternary warm periods and faster currents during major cold periods 
(e.g. the last glacial interval and the Younger Dryas). In this scenario, we 
surmise that variations of contourite sedimentation recorded by seismic 
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Fig. 10. Scheme showing evolution of drift CS1 during the Middle-Late Holocene with synthesis of seismostratigraphic and lithologic features of Capo Vaticano 
contourite sequences and indication of different types of contourite deposits. 
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units composing drift CS1 might reflect modified-LIW variability driven 
by climate fluctuations on a millennial-scale. Moreover, the stacked C1- 
C5 contourite sequences forming lithological sub-units 2a and 2b would 
indicate cyclical variations in the activity of bottom current (Stow and 
Faugeres, 2008), which can be related to shorter climate variations 
(possibly multicentennial-scale) of the middle-late Holocene period. In 
fact, as these sequences developed during a period characterized by a 
stable sea level, rapid climate events may explain their development. 
This finding would be consistent with the Holocene short-term climatic 
variability, including relevant rapid cooling events occurring at 
millennial-centennial scale (e.g., Mayewski et al., 2004). In particular, in 
the western Mediterranean region several short cooling events have 
been recognized, although the timing, extent and intensity can be var-
iable (e.g., Cacho et al., 2001; Jalali et al., 2016). Recent high-resolution 
studies (e.g., Schilman et al., 2001) demonstrated that during the late 
Holocene period a complex climatic instability occurred also in the 
eastern Mediterranean, with implications on formation and circulation 
of the LIW and other water masses (Tripsanas et al., 2016). The com-
parison between the age of contourite sequences with major climate 
events of the late Holocene and SST records from the Tyrrhenian Sea 
(Cacho et al., 2001) and Gulf of Lions (Fig. 9; Jalali et al., 2016) suggests 
that sequences S2 and S3 developed during a major cooling event (i.e., 
the CR5 event reported by Jalali et al., 2016, corresponding to the TC1 
and AC1 cooling events reported by Cacho et al., 2001). This event can 
be traced in both the western and eastern Mediterranean Sea and cor-
responds to the Dark Age Cold Period (DACP, ca. 1600–1100 yr BP; 
Jalali et al., 2016; Helama et al., 2017). Moreover, we observe a good 
correspondence between the greater abundance of cold planktonic 
foraminifera taxa and coarser intervals of contourite sequences (Fig. 9). 
A similar relation has been observed in the Corsica trough (Tyrrhenian 
Sea) during major post-LGM cold episodes (e.g., the Younger Dryas; 
Angue Minto’o et al., 2015) and in the Aegean Sea for cascading bottom 
currents (Tripsanas et al., 2016). As a whole, these findings seem to 
highlight that periods of enhanced bottom currents likely occurred 
during colder phases of the Late Holocene, while weaker regimes might 
be related to warmer phases. In this regard, further research will provide 
a better understanding between variations of bottom currents and 
climate variability, for example determining the influence of other cli-
matic factors and extending the stratigraphic record and chronological 
constraint. 

6. Conclusions 

The integrated study of high-resolution seismic profiles and sediment 
characteristics of contourite deposits derived from two short sediment 
cores collected from a contourite drift on the upper continental slope of 
the Capo Vaticano margin (Tyrrhenian Sea) revealed significant infor-
mation on contourite deposition during the mid-to-late Holocene period. 
A new refined seismic analysis reveals that depositional architecture of 
contourites is characterized by several sub-units, an upslope migration 
of the moat sector and a relatively stable position of the crest sector. The 
sediment core data allowed us to detail for the first time the charac-
teristics of these contourite deposits, including complete bi-gradational 
contourite sequences. The main conclusions are:  

1. Capo Vaticano contourite deposits are composed of stacked bi- 
gradational C1-C5 sequences formed by a bottom current related to 
an intermediate water mass, likely similar to the present-day modi-
fied-LIW issued from the Messina Strait. A significant interaction 
between along-slope and down-slope processes can be excluded in 
this sector, at the scale of sediment cores.  

2. Capo Vaticano contourites include sandy deposits, accumulated as 
lag deposits formed in active moats or as C3 intervals of contourite 
bi-gradational sequences. The finding of sandy contourites is signif-
icant as these deposits are still poorly known and would highlight 
their promising occurrence in continental slope settings impacted by 
intermediate/surface waters. 

3. The observed variability in contourite deposits mostly reflects dif-
ferences in sedimentary processes occurring within a contourite drift 
system, specifically in the crest and distal portion/moat sectors of the 
drift. Accumulation rates and grain size vary across crest and moat 
sectors of drift deposit. In particular, the moat sector seems to be 
characterized by a more complex stratigraphic record where 
different depositional processes may develop through time. 

4. Capo Vaticano contourites provide evidence of rapid (e.g., multi-
centennial) changes of modified-LIW activity in the southern Tyr-
rhenian Sea during the middle-late Holocene. We surmise that these 
changes are controlled by climate fluctuations. According to the 
proposed stratigraphic reconstruction, periods of enhanced bottom 
current speeds likely developed during colder events, whereas ac-
tivity of bottom-currents decreased during the last part of the late 
Holocene period and warmer oscillations. 

It is worth to notice that Capo Vaticano contourites represent a 
relatively rare example of complete C1-C5 bi-gradational sequences, 
which include sandy facies, and are arranged in a high-frequency cyclic 
stacking pattern. These deposits provide a very high-resolution archive 
of contourite processes and cyclicity, possibly reflecting climate varia-
tions that deserve to be more thoroughly studied. Moreover, the hy-
pothesis of a specific role of internal solitary waves in sediment 
resuspension and seabed reshaping over this region sets future obser-
vational and numerical investigations, aimed at exploring their potential 
influence on contourite features. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.margeo.2020.106372. 
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