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Abstract :   
 
The purpose of this study is to differentiate and characterise contouritic sands in two different locations 
with variable sediment compositions (siliciclastic and bioclastic) based on a multiproxy approach that 
includes the analysis of sedimentary texture, semi-quantitative geochemistry, microfacies and 
ichnological information, as well as a Principal Component Analysis (PCA) applied to geochemical and 
sedimentary data on sediment cores. The integration of sedimentological analyses and the PCA permits 
also to the differentiation between fine-grained deep-water deposits such as hemipelagites, muddy 
contourites and hyperpycnites. A depositional model is proposed here, based on geochemical and 
sedimentological characteristics of the Holocene-highstand Mozambique Channel upper slope sands, and 
glacial-lowstand Corsica Contourite Depositional System middle slope sands. The upper continental slope 
of the Mozambican margin is characterised by siliciclastic sandy contourites, muddy contourites and 
muddy hyperpycnites. Mozambique siliciclastic sandy contourites constitute large accumulations of well-
sorted very fine to coarse sand with evidences of strong winnowing and reworking under high-energy 
conditions. The sedimentary facies represents highstand contourite sands and shows a reversely-graded 
trend. The contourite drift on the Pianosa ridge (eastern flank of the Corsica Trough) consists of bioclastic 
sandy and muddy contourites and hemipelagites. Bioclastic sandy contourites are made up of shallow-
marine winnowed bioclasts with a reversely- and normally-graded trend and represent lowstand contourite 
sands. The PCA in the two environments —showing a distinctive geochemical signal— allows for 
differentiation of the contourite deposits. In siliciclastic sands, reworking is marked by an accumulation of 
Si, Zr, and Sr in fine- to medium-grained sands. In bioclastic sands, reworking is less evident but it is 
characterised by accumulations of Ca and Sr. The reworking and winnowing bottom current effects are 
also observed at the microfacies scale. Both types of contourite deposits show evidences of intermittent 
depositional conditions depending on the ichnodiversity, distribution and abundance of trace fossils. This 
work is useful to discriminate similar fine-grained deposits in different continental margins which would 
contribute to a better understanding of sedimentary deposits and processes in deep-marine 
environments. 
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Highlights 

► Reworking proxies are different for bioclastic and siliciclastic sands ► Winnowing and reworking 
bottom current effects have a distinctive geochemical signal and they are observed at the microfacies 
scale ► Bi-gradational contourite sequence show evidences of intermittent depositional conditions ► 
Sediment input and distance to sediment source has a strong impact on the bi-gradational contourite 
sequence formation ► Contourite drifts are not only formed by contourite deposits 
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constitute large accumulations of well-sorted very fine to coarse sand with evidences of strong 27 

winnowing and reworking under high-energy conditions. The sedimentary facies represents highstand 28 

contourite sands and shows a reversely-graded trend. The contourite drift on the Pianosa ridge 29 

(eastern flank of the Corsica Trough) consists of bioclastic sandy and muddy contourites and 30 

hemipelagites. Bioclastic sandy contourites are made up of shallow-marine winnowed bioclasts with a 31 

reversely- and normally-graded trend and represent lowstand contourite sands. The PCA in the two 32 

environments —showing a distinctive geochemical signal— allows for differentiation of the contourite 33 

deposits. In siliciclastic sands, reworking is marked by an accumulation of Si, Zr, and Sr in fine- to 34 

medium-grained sands. In bioclastic sands, reworking is less evident but it is characterised by 35 

accumulations of Ca and Sr. The reworking and winnowing bottom current effects are also observed 36 

at the microfacies scale. Both types of contourite deposits show evidences of intermittent 37 

depositional conditions depending on the ichnodiversity, distribution and abundance of trace fossils. 38 

This work is useful to discriminate similar fine-grained deposits in different continental margins which 39 

would contribute to a better understanding of sedimentary deposits and processes in deep-marine 40 

environments. 41 

 42 

Key words:Key words:Key words:Key words:    hemipelagite, contourite, hyperpycnite, reworking, winnowing, sediment transport, 43 

Mozambique Channel, Corsica 44 

 45 

1. INTRODUCTION1. INTRODUCTION1. INTRODUCTION1. INTRODUCTION    46 

Along-slope bottom (contour) currents can generate vast erosional or depositional features that 47 

strongly influence a margin’s overall sedimentary architecture (Rebesco et al., 2014; Miramontes et 48 

al., 2020a). If bottom currents are the dominant depositional process, a Contourite Depositional 49 

System develops (CDS; Hernández-Molina et al., 2008). These systems are composed of depositional 50 

(contourite drifts), erosional (contourite channels, moats, furrows) or mixed depositional-erosional 51 

elements (contourite terraces, subcircular depressions). Contourites have to do with their 52 
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depositional elements (Faugères et al., 1999; Hernández-Molina et al., 2008), as large sediment 53 

accumulations result from the semi-continuous long-term activity of bottom-currents (Rebesco et al., 54 

2014). Researchers have also increasingly recognised the role of bottom currents in effectively 55 

modifying or entirely obliterating evidence of gravity flow processes (Rebesco et al., 2002; Mutti et 56 

al., 2014; Badalini et al., 2016; Creaser et al., 2017; Mulder et al., 2018a, b; Wang et al., 2018; 57 

Fonnesu et al., 2020; Fuhrmann et al., 2020; Miramontes et al., 2020a), or in reworking hemipelagic 58 

deposits (Gambacorta et al., 2014; Hüneke et al., 2020). 59 

The three main sedimentary processes in deep-water environments are the settling of pelagic and 60 

hemipelagic particles in the water column, sediment gravity flows, and bottom-current controlled 61 

sedimentation (Hüneke and Mulder, 2011; Rebesco et al., 2014; Stow and Smillie, 2020). Turbidite 62 

deposits commonly reflect a gradual decrease in flow velocity. The gradual decrease in velocity is 63 

responsible for the fining-upward grain size distribution in these deposits, and reflects a change from 64 

rapid deposition to sedimentation by sediment fallout (Middleton and Hampton, 1973; Shanmugam, 65 

2006, 2016). Consequently, the finest part of the turbidite sequence, which is the suspension fallout 66 

of the turbidity cloud, shows a very close resemblance to hemipelagic deposition (Stow and Wetzel, 67 

1990). Given that suspension fallout deposition takes a significant amount of time, these deposits 68 

might also be mixed with the normal hemipelagic settling. Long-term gravity currents induced by 69 

changes in river discharge rates (hyperpycnal flows) can also generate similar sedimentary facies 70 

(Mulder and Alexander, 2001; Mulder et al., 2003). The same is applicable for fine-grained contourite 71 

deposits, which can be an admixture of contouritic and hemipelagic sediments (Stow and Smillie, 72 

2020). This continuum of sediment mixing could include a variety of sedimentary facies showing 73 

attributes related to gravity, contouritic and hemipelagic processes (Stanley, 1988; Hüneke and Stow, 74 

2008; Mulder et al., 2008). However, despite the co-occurrence of these processes in the sedimentary 75 

record, we often lack indisputable diagnostic criteria to identify and differentiate between 76 

hemipelagites, contourites and hyperpycnites. Although the three endmembers facies models are 77 

very distinct, discerning them is still problematic, especially when data is limited to the diameters of a 78 
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core. Understanding the sedimentological origin of these deep-water deposits is fundamental for: 79 

palaeoclimatology and palaeoceanography research (Rebesco et al., 2014); slope-stability/geological 80 

hazard assessment (Miramontes et al., 2018); hydrocarbon exploration (Rebesco et al., 2005; Viana et 81 

al., 2008; Fonnesu et al., 2020); and recently for studying distribution of microplastics in the seafloor 82 

as well (Näkki et al., 2017, 2019; Courtene-Jones et al., 2019; Kane et al., 2020). 83 

The purposes of this study are to characterise different contourite sands having different sediment 84 

compositions (siliciclastic and bioclastic) and to differentiate hemipelagite, contourite and 85 

hyperpycnite deep-water sedimentary deposits in two different settings based on sedimentological 86 

analyses and by applying a Principal Component Analysis (PCA) to geochemical and sedimentological 87 

data from sediment cores. Two sediment cores were retrieved from two contourite drifts located in 88 

the upper continental slope of the Mozambican margin (The Mozambique Channel; Fig. 1A and B) and 89 

the eastern flank of the Corsica Trough (CDS of the Pianosa Ridge, Fig. 1C and D). In addition, the 90 

following objectives are pursued: i) to characterise the vertical association of hemipelagites, turbidites 91 

and contourites in view of their sedimentary texture and geochemical signals; ii) to discuss the 92 

applied methodology in terms of the effects of bottom currents on deep-water sedimentation; iii) to 93 

examine the hydrodynamic behaviour of the components of different compositional contouritic 94 

sands; and iv) to establish the controlling factors on the deposition of contouritic sands and how they 95 

contribute to overall contourite construction along different continental margins. 96 

 97 

2. MORPHOSEDIMENTARY AND OCEANOGRAPHIC FRAMEWORK2. MORPHOSEDIMENTARY AND OCEANOGRAPHIC FRAMEWORK2. MORPHOSEDIMENTARY AND OCEANOGRAPHIC FRAMEWORK2. MORPHOSEDIMENTARY AND OCEANOGRAPHIC FRAMEWORK    98 

2.1. Mozambique Channel 99 

The Mozambique Channel is located in the southwest Indian Ocean, between the East African 100 

continental margin of Mozambique and Madagascar (Fig. 1A). The Mozambican continental slope 101 

hosts a contourite depositional system with erosive (abraded surfaces, contourite channels, moats, 102 

furrows and scours), depositional (plastered and elongated-mounded drifts, sedimentary waves), and 103 

mixed (terraces) features (Thiéblemont et al., 2019).  104 
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The upper continental slope of the Mozambican margin consists laterally of: a) a convex slope with a 105 

plastered drift and a contourite terrace to the southwest, offshore the Zambezi delta (Figs. 1B and 2A; 106 

Thiéblemont et al., 2019); and b) a concave slope with a plastered drift and a dune field, 50 km 107 

further northeast or west offshore the Zambezi delta (Miramontes et al., 2020b). This work focuses 108 

on the sector between the distal part of that contourite terrace and the deeper adjacent plastered 109 

drift (core MOZ4-CSF19; Fig. 1A). In this area (at about 300 m water depth), the seafloor is covered by 110 

straight to slightly sinuous sandy current ripples (Fig. 2B in Miramontes et al., 2020b). The principal 111 

source of sediment feeding this part of the continental slope along the Mozambique Channel is the 112 

Zambezi River (Fig. 1A) — it is the largest single suspended sediment supplier and drains a 113 

considerable part of the southeast African continent (Walford et al., 2005). Due to the prevailing 114 

easterly winds and the absence of other large regional dust source areas, lithogenic sediments in the 115 

Mozambique Channel have a predominantly riverine origin, and their composition is directly related 116 

to continental climatic conditions (van der Lubbe et al., 2016). 117 

The surface and upper-intermediate oceanic circulation along the upper Mozambican continental 118 

slope consists primarily of the southward-flowing Mozambique Current (MC; Fig. 1A; de Ruijter et al., 119 

2002), which is part of the Agulhas current system (Lutjeharms, 2006). It is characterised by 120 

anticyclonic eddies (ME, Mozambique eddies) with diameters of ∼300 km able to affect the whole 121 

water column and generate currents up to 2 m s-1 at the surface and 0.5 m s-1 in the deep part of the 122 

basin (Fig. 1A; Miramontes et al., 2019a). The MC carries Tropical Surface Water, Subtropical Surface 123 

Water (TSW and STSW, respectively; <300 m water depth), South Indian Central Water (SICW, 124 

between 300 and 600 m water depth) (de Ruijter et al., 2002), and the northwest Indian-origin 125 

intermediate water mass of Red Sea Water (RSW, 900–1200 m water depth) (Beal et al., 2000; 126 

Donohue et al., 2000; Swart et al., 2010). Below the MC, the Antarctic Intermediate Water (AAIW) 127 

enters from the south as part of the Mozambique Undercurrent (MUC; de Ruijter et al., 2002; Ullgren 128 

et al., 2012) (Fig. 1A). The upper slope of the Mozambique margin is affected by internal waves that 129 
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have been suggested to generate a channel and sand dunes on the landward part of the contourite 130 

terrace (Miramontes et al., 2020b).  131 

 132 

2.2. Corsica Trough 133 

The Pianosa CDS (Miramontes et al., 2016) is located in the Corsica Trough, a narrow basin in the 134 

Northern Tyrrhenian Sea. It is flanked by Corsica Island to the west and by the Pianosa Ridge and the 135 

Tuscan shelf to the east (Fig. 1C). The Pianosa CDS is located along the upper and middle continental 136 

slope between 170 and 850 m water depth. It is 120 km long, has a maximum width of 10 km and is 137 

composed of a large muddy sediment plastered drift, which may form locally mounded and separated 138 

or multicrested drifts (Miramontes et al., 2016; Fig. 1C). The area of study lies offshore of the Pianosa 139 

Island. In this zone, faster bottom currents formed moats and associated contourite drifts along the 140 

slope (Fig. 1D) (Miramontes et al., 2016). The studied site (PSM3-CS009) is located at 370 m water 141 

depth in the crest of a mounded drift on the slope (Figs. 1D and 2C). The western side of the Corsica 142 

Trough is dominated by downslope gravity-driven depositional processes (Fig. 1C) that resulted in the 143 

formation of the Golo turbidite system (Gervais et al., 2004, 2006; Deptuck et al., 2008; Calvès et al., 144 

2013; Sweet et al., 2020). 145 

The Pianosa CDS developed under the influence of Levantine Intermediate Water (LIW). The LIW is 146 

located just below the Modified Atlantic Water (MAW), that circulates at water depths ranging from 147 

the sea surface to 200 m (Astraldi and Gasparini, 1992; La Violette, 1994; Millot, 1999). Circulation 148 

along the eastern part of the Corsica Trough is characterised by northward-flowing currents that 149 

change seasonally, being enhanced during the cold seasons (reaching 10–40 cm s−1) (Astraldi and 150 

Gasparini, 1992; Vignudelli et al., 1999; Miramontes et al., 2019b). This seasonality is related to the 151 

LIW formation process, which is formed by a process of evaporation during the summer in the 152 

southeastern Mediterranean Sea, resulting in a warm and salty surface water mass; later, winter 153 

cooling increases its density. More arid and colder climatic conditions could therefore favour the 154 
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production of denser LIW (Cacho et al., 2000) enhancing the Mediterranean Outflow Water (MOW) at 155 

the exit of the Strait of Gibraltar (Sierro et al., 1999, 2020). 156 

 157 

3. MATERIAL AND METHODS3. MATERIAL AND METHODS3. MATERIAL AND METHODS3. MATERIAL AND METHODS    158 

3.1. Bathymetry and seismic data 159 

The regional bathymetry used for Mozambique Channel (Fig. 1A) is GEBCO bathymetry 160 

(GEBCO_08, version 2010-09-27; http://www.gebco.net), with a 30 arc-second resolution. The main 161 

multibeam bathymetric data shown in the present study were collected during the PAMELA-MOZ04 162 

survey in 2015 (R/V Pourquoi pas?; Jouet and Deville, 2015). The multibeam bathymetry from the 163 

Corsica Trough (Fig. 1B) was acquired during the SIGOLO survey in 2008 (Savoye, 2008) and 164 

completed with the zone of the Pianosa Ridge during surveys PRISME2 (Cattaneo, 2013a), PAMELA-165 

PAPRICA (Cattaneo and Jouet, 2013) and PRISME3 (Cattaneo, 2013b) carried out by IFREMER in 2013 166 

onboard the R/V Atalante and the R/V Pourquoi pas?, respectively. The outer bathymetric data of the 167 

northern Tyrrhenian Sea were retrieved from the EMODnet Bathymetry compilation 168 

(http://portal.emodnet-bathymetry.eu/). The seismic data used to locate the cores correspond to a 169 

72-channel high-resolution mini GI-gun seismic reflection profile (50–250 Hz) collected in the 170 

Mozambique Channel during the PAMELA-MOZ04 cruise (Jouet and Deville, 2015) and a sub-bottom 171 

profiler profile (1800-5300 Hz) collected in the Corsica Trough during the PRISME2 cruise (Cattaneo, 172 

2013a). 173 

 174 

3.2. Grain size analysis  175 

The 9.24 m long Calypso piston core in the Mozambique Channel (MOZ4-CSF19, Table 1) was 176 

collected during the PAMELA-MOZ04 survey (Jouet and Deville, 2015) in 2015 on the upper 177 

continental slope at 315 m water depth, in the offshore zone of a contourite terrace (Fig. 1B). MOZ4-178 

CSF19 was sampled for grain size analysis with 10 cm spacing including 92 splits of core material. The 179 

Calypso piston core used in the Pianosa CDS (PSM3-CS009; Table 1) was collected during the PRISME3 180 
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cruise (Cattaneo, 2013b) in 2013 along the Pianosa Ridge at 370 m water depth. PSM3-CS009 was 181 

sampled for grain size analysis with variable spacing, ranging from 10 cm (in the homogeneous muddy 182 

facies) to 2 cm (in the sandy areas and mud-sand transitions), giving a total of 310 sediment samples. 183 

Grain size measurements were performed on core MOZ4-CSF19 using a Malvern Mastersizer 3000 184 

laser diffraction particle size analyser and on core PSM3-CS009 using a Coulter LS200 laser diffraction 185 

particle size analyser. In both cores, measurements were performed in the bulk sediment with no 186 

chemical pre-treatment. Grain size parameters were analysed by means of Gradistat software, 187 

adopting its grain size scale (Blott and Pye, 2001). Mean grain size, sorting, skewness, and kurtosis 188 

were calculated using the method of Folk and Ward (1957). Results were compared by cross-plots 189 

(Folk and Robles, 1964; Martins, 2003). 190 

 191 

3.3. X-Ray Fluorescence (XRF) and Principal Component Analysis (PCA) 192 

In MOZ4-CSF19 and PSM3-CS009 cores, the bulk sediment semi-quantitative geochemical 193 

composition was measured at 1-cm intervals using an Avaatech X-Ray Fluorescence (XRF) core 194 

scanner at IFREMER on split cores. Sampling time was 10 s at the split core surface, with respective 195 

generator settings of 10 and 30 kV at 0.6 mA and 1 mA. Data were retained only from elements that 196 

gave consistently good signal quality (i.e., Al, Si, K, Ca, Ti, Mn, Br, Fe, Sr, and Zr). These elements were 197 

normalised according to their mean values and standard deviations at each core. 198 

To investigate the different factors influencing the geochemical composition of the sediment, 199 

Principal Component Analysis (PCA) was conducted using the PAST version 4.0 software package 200 

(Hammer et al., 2001). PCA is a well-established dimension-reducing statistical technique, applied for 201 

pattern recognition in multivariate datasets (Wold et al., 1987; Zou et al., 2006; Abdi and Williams 202 

2010). The calculated eigenvalues provide a measure of the variance accounted for by the 203 

corresponding components (axes of the PCA). Recently, de Castro et al. (2020b) proposed a PCA-204 

based method that serves to discriminate hemipelagic deposits from other sediments affected by 205 

bottom current reworking and winnowing processes in a contourite drift, in the Gulf of Cadiz CDS. The 206 
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calculated eigenvalues indicate the variance accounted for the corresponding components downcore 207 

(i.e., grain size and major element geochemistry). Hemipelagic deposits were defined by high loading 208 

of the first principal component (PC1), as they represent the background sedimentation in deep-209 

marine settings. In the Gulf of Cadiz CDS (de Castro et al., 2020b), this PC1 is characterised by the 210 

aluminosilicate element association (Al, K, Fe and Rb) in fine-grained sediment (silt-clay). Once the 211 

settling of sediment is affected by other deep-water sediment processes, such as bottom currents, 212 

the variance and loading of this PC1 decrease drastically. The main advantage of this statistical 213 

method lies in its comparatively quick examination and distinction of facies showing very subtle 214 

changes (e.g., hemipelagites from muddy contourites or muddy hyperpycnites and turbidites from 215 

sandy contourites). 216 

 217 

3.4. 2D X-Ray images (XCT) 218 

2D X-Ray images were obtained from split sections of core MOZ4-CSF19 using a Geotek-XCT 219 

system at the IFREMER laboratories, Brest (France). X-Ray scans were also performed on slabs 220 

collected from three sections from core MOZ4-CSF19 (S1, S2 and S3) and one section from core 221 

PSM3-CS009 (S14) in order to reduce the imaged volume and thus to better observe the sedimentary 222 

and the biogenic structures. The resolution of the images is 1 mm. 223 

 224 

3.5. Thin sections 225 

Samples for thin sections were obtained from MOZ4-CSF19 and PSM3-CS009 (Table 1). The 226 

database includes 6 large (10 × 5 cm) thin sections in MOZ4-CSF19 and 3 large (10 × 5 cm) thin 227 

sections in PSM3-CS009. Thin sections of impregnated sediments were used to document 228 

sedimentary structures and microfacies variation at the bed scale; they were prepared at the 229 

University of Greifswald (Germany). The relative percentage frequency of different components was 230 

determined by means of the visual-comparison charts of Baccelle and Bosellini (1965) and Matthew 231 

et al. (1991). 232 
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 233 

3.6. Sediment dating 234 

The cores used in this study were dated by means of radiocarbon measurements on bulk 235 

planktonic foraminifera. Radiocarbon ages of core PSM3-CS009 (Table 2) were obtained at Poznan 236 

and Beta Analytic laboratories, they were calibrated using Calib 8.2 software (Stuiver et al., 2020) and 237 

the Marine20 calibration curve (see Heaton et al., 2020). Radiocarbon ages of core MOZ4-CSF19 238 

(Table 2) were measured at Beta Analytic laboratories and were calibrated using the Marine20 239 

calibration curve (Heaton et al., 2020).  240 

 241 

3.7. Ichnological analysis 242 

Ichnological analysis of core samples was conducted after digital enhancement of high-resolution 243 

images to increase visibility of biogenic structures. This procedure is described in Dorador et al. 244 

(2014a, 2014b) and Dorador and Rodríguez-Tovar (2018). Ichnogenera characterisation was 245 

conducted based on the recognition of ichnotaxobases (Knaust, 2017). Special attention was paid to 246 

the distribution of traces and their infilling material. Moreover, ichnofabrics were differentiated 247 

mainly based on ichnological attributes: ichnodiversity, cross-cutting relationships, tiering structure, 248 

relative abundance and degree of bioturbation (Rodríguez-Tovar and Dorador, 2014; Dorador and 249 

Rodríguez-Tovar, 2016). 250 

 251 

3.8. Nomenclature 252 

The term “contourite” is used for sediments deposited or substantially reworked by the persistent 253 

action of bottom currents (Faugères and Stow, 2008; Rebesco et al., 2014). Thick, extensive 254 

contourite sediment accumulations are defined as contourite drifts. Interpretation of these features 255 

follows the criteria for drift morphologies and internal configurations defined by Faugères et al. 256 

(1999) and Rebesco et al. (2014). The classification of bioclastic and siliciclastic contourite deposits is 257 

based on Rebesco et al. (2014). In turn, “hemipelagic deposits” is used for sediments deposited from 258 
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both vertical settling and slow lateral advection through the water column (Hesse, 1975; O’Brien et 259 

al., 1980; Stow and Tabrez, 1998; Stow and Smillie, 2020). “Turbidites” refer to beds deposited rapidly 260 

(from a few hours to a few days) from a single sedimentation event, in which the granular materials 261 

are mainly supported by turbulence while deposition occurs through traction sedimentation and 262 

suspension settling (Middleton and Hampton, 1973; Lowe, 1982; Stow and Piper, 1984; Talling et al., 263 

2012). “Hyperpycnite” refers to a fine-grained deposit characterised by a coarsening and then fining 264 

upward bed, reflecting an increasing and then decreasing magnitude in the fluvial-related discharge 265 

(Mulder and Alexander 2001). A hyperpycnal flow is defined according to the density-contrast at the 266 

coastline between that of an incoming river-derived relatively dense flow and that of the water in a 267 

water body that last for days, weeks or even months (Zavala, 2020). 268 

 269 

4. RESULTS AND INT4. RESULTS AND INT4. RESULTS AND INT4. RESULTS AND INTERPRETATIONERPRETATIONERPRETATIONERPRETATION    270 

4.1. Mozambique Channel 271 

The MOZ4-CSF19 core comprises two main deposits with different grain sizes: coarse-grained 272 

sediments at the core top (Fig. 3A) and fine-grained sediments at the bottom of the core. The 273 

integrated analysis of the sediment core allowed us to identify three facies that we will detail in this 274 

section (Table 3). The upper 2.1 m of the sediment core are mainly composed of coarsening-up sandy 275 

deposits defined as Mozambique Facies 1 (MF1). Muddy sediments represent a 6.9 m-thick 276 

homogeneous succession below MF1 (Fig. 3A) that can be separated into two facies —Mozambique 277 

Facies 2 (MF2) and 3 (MF3). Radiocarbon dating shows that the coarse-grained sediments (MF1) are 278 

younger than 9 kyr BP, whereas the fine-grained sediments are dated up to 17.2 kyr BP (Fig. 3A). 279 

 280 

Mozambique Principal Component Analysis (M-PCA) 281 

The MOZ4-CSF19 PCA of semi-quantitative geochemical composition (XRF) gave two significant 282 

Principal Components (PC) in the Mozambique Channel sediments (Table 2). The first two axes of the 283 

PCA respectively yield variance percentages of 52% and 18%, accounting for 70% of the total 284 
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variability (Table 2). The main positively-loaded elements in M-PC1 are Si, Ca, Sr and Zr, as opposed to 285 

the main negatively-loaded Al, K, Ti, Fe and Rb (Fig. 3A). The main positively-loaded elements in M-286 

PC2 consist of Si, K, Ti, Br, Rb and Zr against the negatively-loaded Al and Fe (Fig. 3B). 287 

 288 

Ichnological analysis 289 

The analysis of high-resolution images and XCT of MOZ4-CSF19 core reveal a moderately diverse 290 

trace fossil assemblage (Figs. 4 and 8), mainly consisting of Palaeophycus, Planolites, and 291 

Thalassinoides, occasional Nereites and Scolicia, and rarely possible Skolithos and Mycellia. In some 292 

facies (see below) a mottled background determined by biodeformational structures (i.e., structures 293 

having no distinct outlines and no recurrent geometry) is observed. Ichnological features allow for 294 

differentiation of three ichnofabrics: i1) Mottled background with fine-grained infilled traces 295 

ichnofabric, characterised by Planolites, Palaeophycus and Scolicia filled by fine-grained material, 296 

similar to the host sediment, over a mottled background; i2) Fine-grained sediment with coarse-297 

grained infilled trace ichnofabric, consisting of fine-grained sediment with Thalassinoides and 298 

Planolites filled by coarse-grained material; and i3) Mottled background with coarse-grained infilled 299 

trace ichnofabric, intensely bioturbated, showing a well-developed mottled background and Planolites 300 

and Thalassinoides filled by coarse-grained material similar to the host sediment. Ichnological 301 

features, including differentiated ichnofabrics, indicate variable vertical distribution. 302 

 303 

Mozambique Facies 1 (MF1): Mottled fine-grained sand 304 

This facies is found at 0-2.13 m below the seafloor (mbsf; Fig. 3A) and consists of structureless 305 

mottled siliciclastic coarse-grained silt to fine-grained sand (19.1-152.6 µm). It comprises a 2.13 m-306 

thick reversely-graded bed with subtle changes in grain size volume throughout the sequence (Fig. 307 

3A). It is characterised by a gradational base and the seafloor at its top, which shows long, crested, 308 

slightly sinuous current ripples (Fig. 2B). The sediment is poorly to very poorly sorted (Fig. 5A) and has 309 

a unimodal grain size distribution ranging from platykurtic to very leptokurtic, with a fine to very fine 310 
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skew (Fig. 5B). A positive excursion is observed in M-PC1, with an increasing-upward trend from 2 to 0 311 

mbsf, and M-PC2 is positively loaded between 0.77 and 2.91 mbsf (Fig. 3A). At 0.77-2 mbsf, M-PC1 312 

and M-PC2 show positive values in fine-grained sands (Fig. 3A). The XRF K+Fe+Ti/Ca+Sr curve 313 

decreases from 2.13 to 0 mbsf, whereas the XRF Zr/Ti curve increases upwards, which is well 314 

correlated with the grain size distribution curve and the M-PC1. 315 

The trace fossil assemblage consists of Palaeophycus, Planolites, Thalassinoides and occasional 316 

Scolicia (Fig. 4A-F). The three differentiated ichnofabrics are recognised with the i1, i2 and i3 stacked 317 

vertical trend (Fig. 4A-F). An irregular surface can be identified at 0.7 mbsf, under which 318 

Thalassinoides are very well developed (Fig. 4A and B). Between 1.88 and 2.13 mbsf, the sediment is 319 

darker than in the rest of the sequence (Fig. 4E and F). 320 

Thin sections show different textures from the base to the top. The top of MF1 lacks on matrix 321 

content, yet bioclasts, foraminifers and accessory minerals contents increase (Fig. 7A, B and C). Here, 322 

the microfacies consist of massive grain-supported quartz grains (40-60%), planktonic foraminifers (5-323 

15%), benthic foraminifers (5%), and other bioclasts (5-20%). Quartz grains usually show remains of a 324 

residual matrix attached to the grains in MOZ4-S2 (Fig. 7C), but towards the top of the sequence, 325 

quartz grains lack any residual matrix (Fig. 7A and B). Other bioclasts include bivalve fragments, 326 

coralline algae, echinoid spines, and gastropod shells, and most of them reaching up to 0.5 mm (Fig. 327 

7C). Accessory minerals are characterised by dark minerals (potentially iron oxides), amphibole, 328 

pyroxene, titanite, epidote and zircon, the latter more abundant towards the top of MF1 (Fig. 7A and 329 

B). Glauconite grains are rare throughout MF1. The base of MF1 features a patchy texture between 330 

matrix-rich (20-50% matrix; Table 4, Fig. 6B and 7D) and matrix-free (0% matrix; Table 4, Fig. 6A, 7E 331 

and F) cm-scale irregular patches resulting from intensive bioturbation (Fig. 6A). The grains consist of 332 

predominantly subangular quartz (up to 70%; Table 4) with other bioclasts and foraminifers, and 333 

common accessory minerals (Fig. 7E and F) such as transparent heavy minerals: opaques, amphibole, 334 

pyroxene, epidote and zircon (Fig. 7E and F). Muscovite, chlorite and biotite comprise the micas as 335 

acicular grains and may have a preferential oblique orientation (Fig. 7F) or lack any orientation. The 336 
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argillaceous iron-rich matrix supported areas show a similar composition, with dominant subangular 337 

quartz grains and a few planktic foraminifers (Fig. 7D). In these areas, accessory minerals are less 338 

common (Fig. 7D).  339 

 340 

Mozambique Facies 2: Homogenous medium-grained silt 341 

Mozambique Facies 2 (MF2) (2.13-4.74 and 5.75-9 mbsf; Fig. 3A) consists of homogenous fine- to 342 

medium-grained silt (4.9-20.32 µm). This facies shows gradational top and bottom contacts (Figs. 4E 343 

and F; 8A and B). The sediment is very poorly sorted (Fig. 5A) and has a polymodal mesokurtic grain-344 

size distribution, with an overall symmetrical skew (Fig. 5B). MF2 shows negative or zero values in 345 

both M-PC1 and M-PC2 (Fig. 3A). The XRF K+Fe+Ti/Ca+Sr curve has higher values than in MF1 (Fig. 346 

3A). The Zr/Ti ratio is perfectly correlated with the grain size distribution curve, showing no important 347 

variations. 348 

MF2 presents similar trace fossil assemblages to those of MF1, with the presence of Palaeophycus, 349 

Planolites, Thalassinoides, Nereites, possible Skolithos and Mycellia. Noteworthy are the absence of 350 

Scolicia, and the abundance of Palaeophycus, concentrated in high-density intervals (Fig. 4E). The 351 

three ichnofabrics i1, i2 and i3 can be recognised and show a clear differentiation: i1 is the more 352 

extended, whereas i2 is registered only in a short interval, in the transition with MF1. Here, in i1 some 353 

Thalassinoides are filled by coarse-grained sediment. (Fig. 4E and F). 354 

Microfacies from MF2 shows a matrix-supported patchy texture with abundant subangular quartz 355 

grains (up to 50%; Table 4) and rare foraminifers and other bioclasts (Fig. 7G and H). The matrix 356 

content is variable throughout the thin section (25-85%; Table 4) and is composed of very fine-357 

grained iron-rich argillaceous material (Fig. 7G and H). Opaque minerals are common, but epidote, 358 

zircon, amphibole and pyroxene are less abundant than in MF1 (1-5%; Table 4). 359 

 360 

Mozambique Facies 3: Thin-bedded medium-grained silt 361 
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Mozambique Facies 3 (MF3) (4.74-5.75 mbsf; Fig. 3A) is characterised by homogenous fine- to 362 

medium-grained silt (4.9-12.3 µm). This facies consists of approximately 1 m-thick massive silt with 363 

gradational top and bottom contacts (Fig. 8A and B). In the X-Ray images, two subdivisions are 364 

recognised. The lower interval is characterised by silty thin beds of 3-5 cm thick. The upper interval 365 

consists of well-developed parallel to low-angle laminated muddy silts consisting of 1-2 cm-thick very 366 

thin beds (Fig. 8A and B). The sediment is very poorly sorted (Fig. 5A) and has a polymodal platykurtic 367 

grain-size distribution, with a coarse to symmetrical skew (Fig. 5B). MF3 M-PC1 is negatively loaded 368 

without important variations in M-PC2 and in the XRF Zr/Al. In the XRF K+Fe+Ti/Ca+Sr, this facies 369 

shows an increasing and decreasing trend, reaching a maximum at 5.28 m depth, which corresponds 370 

with the top of the lower subdivision of the sequence (Fig. 3A).  371 

MF3 presents a slightly different trace fossil assemblage with Planolites, Thalassinoides, and 372 

Nereites, but also with rare Chondrites and possible Zoophycos, as well as local Mycellia (Fig. 8C and 373 

D). A conclusive assignation of the differentiated ichnofabrics is therefore difficult. 374 

 375 

4.2. Corsica Trough 376 

Core PSM3-CS009 is characterised by a 22 m-thick succession of bioturbated, structureless, fine-377 

grained sediment that includes three bioclastic coarse-grained beds at 0.65-1.35, 12.17-12.71 and 378 

15.62-16.10 mbsf (Fig. 9A), defined as Corsica Facies 1 (CF1) (Table 3). Two different fine-grained 379 

sediments, denoted Corsica Facies 2 (CF2) and Corsica Facies 3 (CF3), can be distinguished according 380 

to the PCA and geochemical proxies. Radiocarbon dating yielded approximately the same age (~30 kyr 381 

BP; Fig. 9A) for the muddy sediment above (at 11.26 mbsf) and below (at 14.00 mbsf) the thickest CF1 382 

sandy bed. 383 

 384 

Corsica principal component analysis (C-PCA) 385 

The PSM3-CS009 PCA-analysis gave two significant Principal Components (PC) in the Corsica 386 

succession (Table 2). The first two axes of the PCA yield respective variance percentages of 62% and 387 
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15%, thereby accounting for 77% of the total variability (Table 2). The main positively loaded C-PC1 388 

elements are Al, Si, K, Fe, Mn, Rb and Zr, in contrast to the main negatively loaded Ca and Sr (Fig. 9B). 389 

The main positively loaded C-PC2 elements are Al, Si, Ca and Mn against the negatively loaded K, Fe 390 

and Br (Fig. 9C). 391 

 392 

Ichnological analysis 393 

Analysis of high-resolution images of the PSM3-CS009 core reveals, in general, a less abundant and 394 

diverse trace fossil assemblage than in the Mozambique core. This trace fossil assemblage mainly 395 

consists of Planolites and Thalassinoides, but Scolicia and Chondrites were also observed, along with 396 

possible Nereites and vertical traces. Ichnofabric features allow for identification of the three 397 

ichnofabrics (i1 to i3), but with a significant difference: i1 is clearly dominant (Fig. 10). 398 

 399 

Corsica Facies 1: Mottled fine-grained sand 400 

Corsica Facies 1 (CF1) (0-2.5 mbsf; Fig. 9A) consists of mottled reversely- and normally-graded 401 

decimetre-thick bed, ranging from fine-grained silt to fine-grained sand (6.1-275.4 µm). The S14 402 

section (12.17-12.71 mbsf) includes the sandiest interval of PSM3-CS009, which consists of a 60 cm-403 

thick bed (from fine-grained silt to fine-grained sand) with gradational top and bottom contacts (Fig. 404 

10A and B). CF1 shows coarser bioclast lags throughout the sequence (Fig. 10A and B). The sediment 405 

is very poorly sorted (Fig. 5A) and has a trimodal to polymodal mesokurtic and platykurtic grain-size 406 

distribution, ranging between coarse to fine skew (Fig. 5B). This facies has a marked negative 407 

excursion in C-PC1 and K+Fe+Ti/Ca+Sr, and the highest fine-grained sand volume (up to 70 %) being in 408 

the core (12.59 mbsf depth in Fig. 9A). The C-PC2 shows a subtle negative loading, whereas the XRF 409 

Sr/Ca curve shows increasing and decreasing upwards trends, all of which correlate well with the 410 

grain size distribution curve (Fig. 9A). 411 

Analysis of high-resolution images and X-Ray images of the thickest CF1 bed section (12.43-13.03 412 

mbsf) reveals the presence of i2 and mainly i3 (Fig. 10A). Thus, coarse-grained filled Thalassinoides, 413 
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and occasionally Planolites, are registered in fine-grained (i2) and coarse-grained (i3) host sediment. A 414 

significant ichnological feature consists of the well-developed Thalassinoides structures observed in 415 

both i2 and i3. Coarse-infilled Thalassinoides registered in i2 are found at 20-35 cm down from the 416 

top. Two levels of fine-grained Thalassinoides can be observed throughout the sequence (Fig. 10A). 417 

Ichnofabric i1 is present again at the top of the bed (0-10 cm), consisting of fine-grained sediment 418 

with Planolites filled by the same host sediment. 419 

Microfacies from CF1 remain similar throughout the sequence in the different thin sections 420 

studied. CF1 thin sections present a distinctive patchy texture (Fig. 11A, B and C). Grain-supported 421 

fabric (packstone) is predominant, although areas with mud-supported textures (wackestone) are 422 

locally present. Packstone areas are enriched mainly in planktonic (20-40 %) and benthic (10-15 %) 423 

foraminifera, and in other bioclasts (10-15 %) (Fig. 12A and B). Distinctly planktonic foraminifera tests 424 

composed of hyaline calcite —with typically globular chambers— are ubiquitous. The planktonic 425 

foraminifers are of different sizes (up to 200 µm) and unevenly distributed, and the vast majority are 426 

well preserved. The benthic foraminifera are usually larger than the planktonic foraminifers (up to 427 

500 µm) and are also well preserved. The planktonic and benthic test chambers may be filled with 428 

glauconite (5-20 %) or lack any filling (15-20 %) (Fig. 12A and B). Other bioclasts consist of thin-shelled 429 

fragmented brachiopods, molluscs and algae (Fig. 12A and B). Glauconite grains are usually authigenic 430 

(rare detrital glauconite grains can be found) and they are randomly distributed throughout the 431 

sequence presenting different degrees of maturation from brownish to greenish colours (Fig. 12A and 432 

B). Usually, the glauconite-filled foraminifers present brownish colours, whereas the solitary grains 433 

present greenish colours (Fig. 12A and B). Wackestone areas present the same composition as the 434 

packstone and usually show sub-circular patches 0.5-1 cm-thick; they develop from organic matter 435 

streaks, in turn resulting from the refilling of biogenic traces (Fig. 11B and C). Within the wackestones 436 

patches, there is a higher content in matrix and a lower content in glauconite (Fig. 12C and D). Here, 437 

empty foraminifers’ tests are more abundant than those filled with glauconite (Fig. 12C and D). These 438 

areas are slightly enriched in silt-size subangular quartz grains (Fig. 12C and D). 439 
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 440 

Corsica Facies 2: Mottled fine- to coarse-grained silt 441 

Corsica Facies 2 (CF2) is found in different intervals (0-1 mbsf; 11.20-15.58 mbsf; 16.20-17.20 442 

mbsf; 20.20-21.15 mbsf; Fig. 9A) and consists of mottled fine- to coarse-grained silt (6.10-30.83 µm). 443 

This facies is up to 4 m-thick and shows gradational/indistinct top and bottom contacts. The sediment 444 

is very poorly sorted (Fig. 5A) and has a trimodal to polymodal mesokurtic and platykurtic grain-size 445 

distribution, with coarse and symmetrical skew (Fig. 5B). CF2 is negatively loaded in C-PC1 and has 446 

low values of K+Fe+Ti/Ca+Sr (Fig. 9A). The C-PC2 values are next to zero and the Sr/Ca curve exhibits 447 

increasing and decreasing upwards trends that are less pronounced than in CF1, and are well 448 

correlated with the grain size distribution curve (Fig. 9A).  449 

Ichnological analysis reveals the presence of the three ichnofabrics (i1 to i3), with the dominance 450 

of i1, which is characterised by fine-grained sediment mainly with fine-grained infilled Planolites and 451 

Thalassinoides, and also some Scolicia and Chondrites. Crosscutting relationships between traces are 452 

observed. The interval of i2 (14.47-14.23 m) consists of Planolites and Scolicia filled by the fine-453 

grained host sediment and Thalassinoides filled by coarse-grained sediment from above (Fig. 10C). 454 

Interval i3 (14.23-14.15 mbsf) shows coarse-grained sediment with Thalassinoides filled by the same 455 

host sediment (Fig. 10C). 456 

 457 

Corsica Facies 3: Homogenous fine-grained silt 458 

Corsica Facies 3 (CF3) is highly variable in thickness reaching up to 9.7 m (Fig. 9A), and consists of 459 

mottled fine- to medium-grained silt (5.96-11.49 µm). CF3 shows gradational/indistinct top and 460 

bottom contacts (Fig. 10D and E). The sediment is very poorly sorted (Fig. 5A) and has a trimodal to 461 

polymodal mesokurtic and platykurtic grain-size distribution, with a coarse and symmetrical skew (Fig. 462 

5B). This facies is positively loaded in C-PC1, which shows a good correlation with the K+Fe+Ti/Ca+Sr 463 

curve (Fig. 9A). At approximately 9 m depth (Fig. 9A), this facies shows an important peak in C-PC1 464 
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and in K+Fe+Ti/Ca+Sr, which decreases upwards along a 2-m-thick interval. C-PC2 and Sr/Ca curves do 465 

not show any important variation. 466 

CF3 shows the near exclusiveness of i1 and local presence of i2. Thus, discrete fine-grained filled 467 

traces are registered over a mottled background. The trace fossil association mainly consists of 468 

Planolites and Thalassinoides, but Scolicia and Chondrites can also be identified (10.35 and 10.80 469 

mbsf, respectively, in Fig. 10D). These traces show a clear crosscutting relationship, with Chondrites 470 

overlapping the other traces. Occasionally, i1 in CF3 presents scarce traces lacking any mottled 471 

background (S10 in Fig. 10E), or the record of possible Nereites and vertical traces. Punctually, i2 472 

contains coarse-grained filled Thalassinoides into fine-grained sediment. 473 

 474 

6. 6. 6. 6. INTERPRETATION OF SEDIMENTARY FACIESINTERPRETATION OF SEDIMENTARY FACIESINTERPRETATION OF SEDIMENTARY FACIESINTERPRETATION OF SEDIMENTARY FACIES    475 

6.1. MF1: Siliciclastic sandy contourite 476 

Given their gradational base, the reversely- graded trend, the lack of primary sedimentary 477 

structures and the high level of mixing produced by extensive bioturbation, MF1 facies shows 478 

similarities with published examples of the sandier central interval of the standard bi-gradational 479 

sequence (Gonthier et al., 1984) or the interval C3 from Stow and Faugères (2008). The inverse 480 

relationship between sorting and grain size in this facies cross-plot (Fig. 5), which occurs 481 

approximately at 50 to 60 µm, suggests an increase in bedload transport and the onset of significant 482 

winnowing (Brackenridge et al., 2018; Yu et al., 2020) in sandy contourites. This also agrees with the 483 

presence of fine-grained sandy current ripples at the present-day seafloor (Fig. 2B), thus indicating a 484 

predominant deposition from bedload transport. However, no sedimentary structures were found in 485 

this facies. Extensive bioturbation resulted in the mixing of sediment, making it very poorly to poorly 486 

sorted, with irregular patches of matrix-rich and matrix-poor sediment observed at core and thin-487 

section scale at the base of the sequence (Fig. 6A and B). This texture can be interpreted as relics of 488 

primary sedimentary structures of well- and less-sorted laminae that were severely disturbed by 489 

bioturbation (de Castro et al., 2020a, b) and are probably related to the presence of current ripples. 490 
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The smaller-scale internal grading is also observed in the ichnological features, including the 491 

distribution of ichnotaxa, the type of infilling in the trace fossil assemblages, and the differentiated 492 

ichnofabrics (i1 to i3) (Fig. 4). A remarkable feature of these ichnofabrics is the infilling material of the 493 

included trace fossils: from those with traces infilled with fine-grained material (i1), to those with 494 

traces infilled with coarse-grained material registered within fine- (i2) or coarse-grained (i3) host 495 

sediment. In the absence of signals evidencing changes in deep-sea benthic environmental 496 

parameters, such as oxygen or nutrient availability, each ichnofabric can be related to different 497 

depositional conditions, mainly involving hydrodynamic energy, rate of sedimentation, erosion and 498 

continuity in deposition (Ekdale et al., 2012; Rodríguez-Tovar and Dorador, 2014; Alonso et al., 2016; 499 

Rodríguez-Tovar et al., 2019). Thus, the record of i1 characterised by a mottled background and fine-500 

grained infilled traces would mark low and continuous deposition of fine-grained sediment by low-501 

energy depositional processes, without disruption at any scale, in a well-oxygenated seafloor 502 

environment (Rodríguez-Tovar and Dorador, 2014). The successive record of i2 reveals similar 503 

depositional processes, but a potential increase in the rate of sedimentation that impeded a well-504 

developed mottled background in the fine-grained host sediment. The sequence of ichnofabrics i2 to 505 

i3 reveals a significant change in depositional conditions. The record of coarse-grained filled 506 

Thalassinoides and Planolites inside i2 points to a decrease in sedimentation or even erosion before 507 

the development of i3, and an increase in substrate consistency. The record of coarse-grained filled 508 

Thalassinoides and Planolites could reveal minor-scale erosion phases with no record of any evident 509 

erosional surfaces (de Castro et al., 2020a, b). Finally, a continuous deposition in a higher energy 510 

context can be interpreted for i3, in light of the presence of intensive coarse-grained infilled 511 

bioturbation (de Castro et al., 2020a, b). The next i1, could be associated, again, with the erosive 512 

phases; for example, the presence of well-developed Thalassinoides at 70 cm depth below an 513 

irregular surface between i3 and i1 may be linked to the presence of an omission surface (Fig. 4A and 514 

B), according to the relationship between these ichnogenera a substrate consistency (Rodríguez-515 
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Tovar et al., 2017). In sum, the identified ichnofabrics evidence sedimentary interruptions and 516 

erosional processes, throughout of MF1. 517 

The positive M-PC1 loading indicates a high concentration of Si, Ca, Sr and Zr in the fine-grained 518 

sands (Fig. 3B), which is consistent with the main microfacies components (quartz grains, 519 

foraminifers, other bioclasts and heavy minerals; Table 4). When the intensity of the bottom current 520 

is enhanced, the coarser sediment particles (quartz, foraminifers, other bioclasts and heavy minerals) 521 

start to concentrate, resulting in a relative increase of Si, Ca, Sr and Zr in the sediment (positively 522 

loaded M-PC1; Fig. 3B). The finer-grained detritics (negative loaded M-PC1) are winnowed away from 523 

2 mbsf  until the present-day on periods of relatively low sedimentation rates (about 30 cm/kyr Fig. 524 

3A). This interpretation agrees with previous models for sandy contourites, where coarser beds are 525 

often mixed by bioturbation hosted in sediments with relatively rich coarser siliciclastic and carbonate 526 

particles (Gonthier et al., 1984; Mulder et al., 2013; Stow et al., 2013a). In addition, the fact that 527 

peaks in Zr/Ti indicate higher heavy mineral concentrations evokes a heightened bottom current 528 

influence (Bahr et al., 2014). 529 

 530 

6.2. MF2: Siliciclastic muddy contourite 531 

The matrix supported texture, the absence of primary sedimentary structures, and the fine-532 

grained nature of the sediment suggest that MF2 resulted from deposition by lateral advection of 533 

fine-grained terrigenous particles. Low excursions in the Zr/Ti curve and nearly zero values in M-PC1 534 

indicate a low-energy regime with high sedimentation rates (about 95 cm/kyr; Fig. 3A), in agreement 535 

with the symmetrical skewness values (Fig. 5B). These fine-grained sediments could be mistaken for 536 

hemipelagic deposits; however, their geochemical signal provides some insight about their origin. As 537 

proposed by de Castro et al. (2020b), when bottom current reworking or gravity-driven flows are not 538 

dominant sedimentary processes, the marine productivity and continental input constitute the main 539 

mechanisms of sedimentation, which will be reflected in a high excursion of the first principal 540 

component. A pure hemipelagic deposit should be high-negatively loaded in M-PC1, but the close to 541 
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zero values in M-PC1 suggest that the hemipelagic signal is slightly overprinted and, thus, it implies a 542 

slight reworking in the sediment. The dominant presence of detrital grains (quartz) and high values in 543 

K+Fe+Ti/Ca+Sr would mean that these deposits could generally be related to river plumes, changes in 544 

productivity and/or fluctuations in the hydrodynamic regime (e.g., Arz et al., 1999; Hodell et al., 545 

2013). 546 

Ichnological information reveals changes in depositional and ecological conditions with respect to 547 

MF1. The abundance of Palaeophycus, in some cases in dense horizons (Fig. 4E and F), might indicate 548 

some punctual, localised, rapid nutrients input, meaning an increased sedimentation rate; the rapid 549 

burial of organic matter at the seafloor prevents its oxidation, leaving it available for shallow/middle 550 

tier organisms as Palaeophycus tracemakers (Dorador et al., 2019). Because MOZ4-CSF19 is located in 551 

the upper slope, in the distal part of a contouritic terrace under the influence of the sediment supply 552 

by the Zambezi river and the MC current, this facies is related to high sedimentation rates flood 553 

events that were transported along the outer shelf and upper slope by the MC current, hence 554 

interpreted as muddy contourites. 555 

 556 

6.3. MF3: Muddy hyperpycnite 557 

MF3 is interpreted as deposits from waning, dilute, turbulent flow. The lower subdivision (538-583 558 

cm) is interpreted as the result of a distal waning flow by turbulent transport. This muddy facies has 559 

been sourced via river input, based on the positive excursions peaks in K+Fe+Ti/Ca+Sr and the 560 

irrelevant reworking (negative M-PC1; Fig. 3). The absence of sand in this facies can be explained by: 561 

(i) the dominance of mud-grade sediment delivered to the basin (river-floods); and (ii) a distal position 562 

relative to the feeder system. MF3 may have originated with the plunging of sustained sediment-563 

laden turbulent flows (hyperpycnal flows), the suspended load being mainly composed of a clay-silt 564 

fraction (e.g., Mulder and Alexander, 2001; Mulder et al., 2003; Zavala et al., 2011, Zavala, 2020). As 565 

these flows can combine suspension fallout and traction, sedimentary structures may form, as 566 

observed in the upper part of the sequence (Fig. 8D), which represent the waning part of the flood 567 
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event (Mulder et al., 2001). MF3 could correspond to a wetter event during late Bølling-Allerød 568 

(aprox. 13-14 kyr BP), while precipitation and river discharges increased at the onset of East African 569 

Humid Period (Romahn et al., 2015). 570 

The fact that MF3 has a different trace fossil assemblage than MF1 and MF2 supports a distinct 571 

depositional and ecological context. The record of Zoophycos and the presence of Mycellia could be 572 

related to distal and deeper environments likely involving low bottom-water oxygen levels, increased 573 

of sediment load (in agreement with high sedimentation rates about 110 cm/kyr; Fig. 3A) and low-574 

energy conditions. Amelioration of sea-bottom conditions, involving nutrient availability and 575 

oxygenation, led to an increase in trace fossil diversity and the occurrence of Thalassinoides and 576 

Planolites at the top of MF3, gradationally evolving to hemipelagites (MF2). This transition represents 577 

the transition from the late Bølling-Allerød wet period to the Younger Dryas drier period with the 578 

progressive reduction of sediment fluxes from Zambezi (Romahn et al., 2015). 579 

 580 

6.4. CF1: Bioclastic sandy contourite 581 

CF1 is principally made up of well-preserved foraminifers, which constitute the sand-sized 582 

particles, occasionally together with shallow-water materials such as benthic foraminifers and other 583 

bioclasts. It is best interpreted as a bioclastic (up to medium-grained) sandy contourite that can be 584 

related to the central interval of the standard sequence of facies (interval C3) defined by Gonthier et 585 

al. (1984) and Stow and Faugères (2008) for contourites, in a context of increasing and decreasing 586 

bottom-current velocities, respectively. This is likewise observed in the bi-gradational negatively 587 

loaded C-PC1 at these intervals, which represents the accumulation of carbonates with respect to the 588 

terrigenous fraction (Fig. 9A). Enhanced Sr may indicate the presence of high-Sr aragonite, which 589 

usually requires a shallow-water source (Thomson et al., 2004; Rothwell et al., 2006). Biogenic 590 

aragonite often contains much more Sr than biogenic calcite in foraminifers (Thomson et al., 2004). 591 

Hence, the Sr/Ca proxy may reflect an enrichment in shallow-marine bioclasts over foraminifers 592 

(Table 4, Fig. 12). 593 
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Ichnological features are largely similar to those of MF1, noteworthy differences being the 594 

absence of i1 and the well-developed Thalassinoides traces in CF1. As in MF1, the sequence of 595 

ichnofabrics i2 to i3 reveals a significant change in depositional conditions; the record of coarse-596 

grained filled Thalassinoides and Planolites into i2 points to a decrease in the sedimentation rate or 597 

even erosion before the development of i3, increasing the substrate consistency. In the case of CF1, 598 

the better development of Thalassinoides suggests a greater increase in substrate consistency. 599 

Microfacies also support the interpretation of the C-PC1; the source area of the calcareous 600 

contourites could be attributed to a mix of shallow-marine and deep-water pelagic environments. The 601 

enrichment of foraminifers in contourite sands may reflect different depositional processes: i) 602 

selective deposition of particles released from the nepheloid layer on the basis of settling velocity 603 

through the boundary layer (McCave and Hall, 2006; McCave, 2008), or ii) current reworking and 604 

redistribution, close to the critical shear stress threshold (Cooke et al., 2004; Mulder et al., 2019; 605 

Hüneke et al., 2020). The selective winnowing of carbonate mud is not held to be an important 606 

bottom-current sorting process, as carbonate muds behave cohesively and undergo particle 607 

aggregation (Winterwerp and van Kesteren, 2004; McCave, 2008). The presence of empty and 608 

glauconite-filled planktonic tests moreover implies a mixing of foraminifers by means of settling 609 

throughout the water column, and reworking and winnowing of previous hemipelagic deposits, 610 

respectively. The glauconitisation inside foraminifers has been previously described as a common 611 

process at the water/sediment interface in environments affected by bottom currents (Giresse, 2008; 612 

Tallobre et al., 2019). 613 

 614 

6.5. CF2: Bioclastic muddy contourite 615 

The generally homogeneous and highly bioturbated sediments —often with an indistinct mottled 616 

appearance (as described by Gonthier et al., 1984; Stow and Faugères, 2008)— and the fine-grained 617 

and symmetrical skewness values suggest that CF2 resulted from deposition of fine sediment directly 618 

from suspension through a weak laminar boundary layer. This facies presents geochemical 619 

Jo
urn

al 
Pre-

pro
of



 25

characteristics similar to bioclastic sandy contourites (CF1), with a high negatively loaded PC1 and low 620 

excursions of K+Fe+Ti/Ca+Sr implying an enrichment of foraminifers and other bioclasts in a finer-621 

grained fraction. As in CF1, the enrichment of foraminifers can be related to reworking and 622 

winnowing by weak bottom currents. Thus, these facies are interpreted as muddy contourites 623 

according to Gonthier et al. (1984) and Stow and Faugères (2008). 624 

Ichnological information, with the successive record of i1, i2, and i3, is in agreement with the 625 

interpretation of muddy contourites. The record of i1, characterised by a mottled background and 626 

fine-grained infilled traces, suggests low and continuous deposition of fine-grained sediment by low-627 

energy depositional processes, without disruption at any scale, allowing for well-developed 628 

tracemaker community as indicated by crosscutting relationships. The successive record of i2 shows 629 

that similar depositional processes governed the deposition of fine-grained sediment, given the 630 

similar fine-grained trace fossil assemblage including Planolites and Scolicia. The sequence of 631 

ichnofabrics i2 to i3 reveals a decrease in sedimentation rate or even erosion before the development 632 

of i3, meaning greater substrate consistency, and leading to the record of coarse-grained filled 633 

Thalassinoides within i2. As in Mozambique facies, the extended record of coarse-grained 634 

Thalassinoides into i2, could signal minor-scale erosional phases that did not leave any evident 635 

erosional surfaces. 636 

 637 

6.6. CF3: Hemipelagite 638 

The visual discrimination between CF2 and CF3 is difficult at core-scale. CF3 usually consists of 639 

indistinct beds, typically grading into CF2. However, their geochemical signals show different trends. 640 

The high positively loaded C-PC1 and high excursions in K+Fe+Ti/Ca+Sr suggest that this facies is made 641 

up of fine-grained aluminosilicates. Therefore, this facies is interpreted as hemipelagic depositional 642 

suspension fallout and lateral advection of fine-grained terrigenous particles (Hesse, 1975; O'Brien et 643 

al., 1980). This interpretation is supported by the symmetrical skewness values, which are typical of 644 

hemipelagic deposits (Brackenridge et al., 2018; de Castro et al., 2020b). When sediments are not 645 
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subjected to currents, a small proportion of pelagic carbonate is deposited, hence high 646 

K+Fe+Ti/Ca+Sr. The occurrence of a distinct peak in detrital input (at 9 mbsf; Figs. 9A and 10E) 647 

supports that the hemipelagic deposition would have been subjected to terrigenous sediment 648 

suspension linked to a distal turbidite currents from the nearby Golo turbidite system (Sweet et al., 649 

2020). 650 

This interpretation is supported by the ichnological analysis. i1 is consistent with continuous, fine-651 

grained deposition. A low rate of sedimentation and low energy conditions facilitate a well-developed 652 

tracemarker community and the record of crosscutting relationships. In this favourable general 653 

context for the macrobenthic tracemaker community, punctual variations in paleoenvironmental 654 

conditions can be envisaged. Thus, the record of Scolicia and Nereites could be associated with locally 655 

higher concentrations of benthic food, and the presence of vertical traces or the absence of discrete 656 

traces might indicate greater sedimentation rates. This supports the notion that hemipelagic 657 

sedimentation can be promptly favoured to very diluted turbidity flows. The fine-grained sediment 658 

carried downslope by turbidity currents on the opposite side of the basin is retransported in suspension by 659 

oceanic gyres to the location of the core analysed in our study and in part settles as hemipelagic sediment 660 

(Miramontes et al., 2016, 2019) 661 

    662 

7. DISCUSSION7. DISCUSSION7. DISCUSSION7. DISCUSSION    663 

7.1. Winnowing and reworking proxies in siliciclastic and bioclastic sandy contourites 664 

The use of PCA score plots and loading plots constitutes a useful and complementary tool to 665 

discern multi-variable elemental changes related to different depositional conditions in a wide variety 666 

of sedimentary environments (Barbera et al., 2009; Margalef et al., 2013; Flood et al., 2015, 2018; 667 

López Pérez et al., 2019). Applied to contouritic sedimentary environments, this method links the 668 

distinctive geochemical element associations to the interplay of diverse sedimentary processes and to 669 

the hydrodynamic energy tied to bottom current activity (de Castro et al., 2020b). Contourite 670 

sedimentation is influenced by the interplay of different deep-water processes, such as: i) settling of 671 
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biogenic particles mixed with fine-grained terrigenous sediment (hemipelagic sedimentation), ii) 672 

reworking and winnowing by deep-water bottom currents (sensu Shanmugam, 2008), iii) gravity flows 673 

of coarse- and fine-grained sediments, and iv) bioturbation. 674 

In most sedimentary environments, the first PC tends to give a relatively high variance (>50%) and 675 

is commonly used as a measure of carbonate (marine productivity) versus terrigenous sediment 676 

input, as suggested by previous studies of deep-marine systems (Bahr et al., 2014; van den Berg et al., 677 

2018; de Castro et al., 2020b). However, the interpretation can differ for other sedimentary systems. 678 

It is therefore crucial to undertake complementary sedimentary analysis, for instance of sedimentary 679 

texture, microfacies, ichnological information and dating.  Sound knowledge of the local sedimentary 680 

settling (based on seismic or multibeam echosounder data set), is needed to arrive at a robust 681 

interpretation. This first component represents the dominant pattern in the element matrix in terms 682 

of a complementary set of score and loading plots, as seen in the Mozambique and Corsica datasets 683 

(52% and 62%, respectively; Figs. 3 and 9). However, the geochemical signal of winnowing and 684 

reworking by bottom currents is different for siliciclastic and bioclastic contouritic sands. 685 

From a compositional point of view, M-PC1 is characterised by an enrichment of Si, Ca, Sr and Zr, 686 

with a diminution of Al, K and Fe. Siliciclastic contouritic sands (MF1) show a positively loaded M-PC1. 687 

In thin sections, this facies is made up mainly of quartz grains (Si), foraminifers and other bioclasts (Ca 688 

and Sr), and heavy minerals (Zr). It lacks matrix, in agreement with the negatively loaded Al, K and 689 

Fe— elements which are typically associated with detrital clays and oxides. Therefore, M-PC1 cannot 690 

be interpreted as marine productivity vs. terrigenous sediment input. The contourite terrace on the 691 

upper slope of Mozambique Channel, where MOZ4-CSF19 is located, is an area under high-energetic 692 

conditions (Miramontes et al., 2016) where different bottom currents (sensu Shanmugam, 2008) can 693 

modify the standard geochemical signal of deep-marine environments (marine productivity vs. 694 

terrigenous sediment input; Bahr et al., 2014; van der Berg et al., 2018). 695 

Examination of the M-PC1 against the M-PC2 biplot in the Mozambique dataset (Fig. 13A) reveals 696 

that sandy contourites (MF1) are positively loaded in M-PC1 (winnowed and reworked), but they may 697 
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be either positively or negatively loaded in M-PC2, hence making a different sediment source (Fig. 698 

13A). A positive M-PC2 in the Mozambique sandy contourites (sediment source A; top-right quadrant 699 

in Fig. 13A) implies predominantly fine-grained terrigenous input (Ti, Rb, K, Si and Zr) synchronous 700 

with vigorous bottom currents (positively loaded M-PC1 and high excursions in Ln Zr/Ti). This data 701 

cloud corresponds to the base of the sequence (0.77-2.1 mbsf; Fig. 3C) and correlates with a severe 702 

reduction in river runoff, meaning arid conditions in East Africa (Romahn et al., 2015; van der Lubbe 703 

et al., 2016; Caley et al., 2018). Enrichments in Ti (positively loaded in M-PC2) help trace density 704 

differences in siliciclastic materials, especially to those deriving from aeolian sources (Chen et al., 705 

2013; Martinez-Ruiz et al., 2015). Ti has been used (along with Zr) to track changes in the supply of 706 

wind-blown dust because of enhanced concentrations of aeolian particles in marine sediments 707 

(Martinez-Ruiz et al., 2015). Therefore, a positive load in M-PC2 could indicate an aeolian sediment 708 

source. 709 

In contrast, the data cloud from the top of the sequence (0-0.77 mbsf; Fig. 3C) is characterised by 710 

positive M-PC1 and negative M-PC2 (Fig. 13A), corresponding to the sedimentary condensation of Si 711 

and Zr along with biogenic sediments (Ca and Sr), as well as a total depletion of the fine-grained 712 

terrigenous fraction (Ti, Rb and K) (Fig. 13A). A negatively loaded M-PC2 would correspond to an 713 

enrichment in Al and Fe, linked to fluvial sediment input, as represented by Fe-based proxies around 714 

the western and eastern Africa continental margins (Adegbie et al., 2003; Dickson et al., 2010; Revel 715 

et al., 2015; Ziegler et al., 2013; Rohling et al., 2014; Caley et al., 2018). This indicates that MF1 was 716 

subjected to different sediment sources during its deposition. However, distinguishing between 717 

aeolian and fluvial sources of certain terrigenous elements is challenging; both input sources may 718 

supply the same detrital minerals, they could have similar elemental ratios. The detailed provenance 719 

of these different terrigenous sources therefore lies beyond the scope of this study.  720 

The top of the MF1 represents the establishment of the present interglacial circulation along the 721 

outer shelf and upper slope. The retreat of the sediment source to the present delta and shoreline led 722 

the fine-grained sediments to be deflected to the north of the margin (Schulz et al., 2011). A decrease 723 
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in the distal fine-grained sediment load, plus the establishment of the present interglacial circulation, 724 

favoured the deposition of reworked coarser-grained sediments. 725 

Notwithstanding, the winnowing and reworking evidenced in the Corsica dataset differ from the 726 

processes recorded in Mozambique. Corsica bioclastic sandy contourites are mostly negatively loaded 727 

in terrigenous-sourced elements (C-PC1; Si, Al, Mn, Zr, Rb, Fe, K and Br; Fig. 9), indicating a relative 728 

enrichment in carbonates (Ca and Sr). The sediment is thus depleted of terrigenous-sourced 729 

elements, which are mainly present in the fine-grained fraction, as observed in the predominantly 730 

bioclast-rich packstone texture (Figs. 11 and 12). Moreover, bioclastic-sandy contourites can be 731 

positively (top-left quadrant in Fig. 13B) or negatively (bottom-left quadrant in Fig. 13B) loaded in C-732 

PC2. A negatively loaded C-PC2 indicates an enrichment in K and Fe, especially in the studied bi-733 

gradational sequence at 13 mbsf (Fig. 9), and could mark the abundance of glauconite in the sediment 734 

(Fig. 12A, B and D). CF1 contains abundant bioclasts and authigenic and detritic glauconite grains, 735 

including a mixture of empty- and glauconite-filled-foraminifer tests. Glauconitisation occurs 736 

frequently at the water/sediment interface, especially from the outer shelf to the upper slope, with 737 

low sedimentation rates, to promoting the incorporation of Fe and subsequently K (Giresse and 738 

Wiewióra, 2001; Giresse, 2008; López-Quirós et al., 2019). The predominantly rounded shape of the 739 

grains points to foraminifers as a widespread host for glauconite growth (Hesse and Schacht, 2011). 740 

Once deposited on the seafloor, foraminifer tests are subjected to long periods of cation exchange 741 

across the seawater/sediment interface, thereby promoting glauconite growth inside the chambers 742 

(Giresse and Wiewióra, 2001; Giresse, 2008; López-Quirós et al., 2019; Tallobre et al., 2019). 743 

 744 

7.2. Hydrodynamic depositional conditions for siliciclastic and bioclastic contouritic sands 745 

Sediment properties —mean grain size, sorting, particle density, particle shape and settling 746 

velocity— are, together with the dynamic forces of the fluid, the most important features controlling 747 

depositional processes (e.g., Krumbein, 1943; Menard, 1950; Simons et al., 1961). The link between 748 

contourite grain size, sorting and bottom-current speed has long been recognised (Ledbetter and 749 
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Ellwood, 1980; McCave, 1984, 2008) and is proposed to be the principal factor controlling the 750 

standard bi-gradational sequence model for contourites (Gonthier et al., 1984; Stow and Faugères, 751 

2008). Both Mozambique (siliciclastic) and Corsica (bioclastic) contourite sequences show clearly 752 

trend towards  grain-support and low-mud content as a result of sorting during bottom-current-753 

induced sediment transport and deposition. Particularly significant is the finding that the 754 

Mozambique siliciclastic sands are better sorted overall than the Corsica bioclastic sands (Fig. 5A). In 755 

general, the bioclastic data cloud trend is clearly displaced upwards, towards to poorer sorting; this 756 

appears to be an inherent feature, most plausibly explained by the predominately polymodal and 757 

platykurtic grain size distribution and the presence of different-shaped skeletal grains (Figs. 11 and 758 

12). By contrast, the siliciclastic sand trend is displaced downwards, towards a better sorted, 759 

unimodal and leptokurtic grain size distribution (Fig. 5A and B), possibly indicating an increase of 760 

bedload transport and reworking at high current speeds (Brackenridge et al., 2018). This means that 761 

the more rounded siliciclastic contouritic sands can achieve better sorting than the irregularly shaped 762 

bioclastic contourite sands. It is also important to point out, however, that the siliciclastic and 763 

bioclastic particle groups were not exposed to the same sorting process. The difference in sorting 764 

should be regarded as a systematic feature evidencing hydraulically different states or processes: 765 

winnowing and reworking. 766 

Winnowing denotes the removal of fine-grained material from a coarser sediment by flowing 767 

water. It implies a synchronous interaction between sediment input and bottom currents, favouring 768 

the depletion of the fine-grained fraction of the sediment (typically associated with clays/oxides and 769 

elements such as Al, K, Ti, Fe and Rb; Fig. 14A). Only the larger, denser and more resistant 770 

components (quartz grains, skeletal particles and heavy minerals) remain in place, as observed in 771 

siliciclastic and bioclastic contouritic sands (Figs. 3 and 9). 772 

If bottom currents are vigorous and persistent over longer periods of time, the sediment on the 773 

seafloor may undergo reworking (Fig. 14B). Sediment reworking is the post-depositional erosion and 774 

redeposition of pre-existing sediments favouring the condensation of a particular sediment 775 
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composition (Föllmi, 2016). Sedimentary condensation may the result not only from low 776 

sedimentation supply or a hydrodynamically active depositional regime, in which winnowing, 777 

sediment accumulation, erosion, reworking and bypass could alternate according to changes in the 778 

intensity of currents (Föllmi, 2016). Sediment reworking may or may not include a component of 779 

lateral displacement —sediments can be reworked yet remain more or less at the place where they 780 

were originally deposited (e.g., bottom current reworked sands; Shanmugam et al., 1993; de Castro et 781 

al., 2020a) or else be transported over longer distances by bedload transport without preserving signs 782 

of other depositional processes (sandy contourites). Sediment reworking during condensation is 783 

mainly a physical process, although biological processes such as bioturbation also assist (Föllmi, 784 

2016), as observed at both locations (Fig. 14B).  785 

However, because bioclastic particles show a large diversity of shapes and bulk-densities 786 

compared to the sub-rounded particles found in most detrital sands, they reduce the prediction of 787 

transport rates in energy-based transport models (Prager et al., 1996; Smith and Cheung, 2005). This 788 

variability makes it difficult to directly relate grain size to current strength in bioclastic sands (McCave 789 

and Hall, 2006). For example, disaggregated bivalves with concave blades react to current differently, 790 

depending on which side is exposed to the current (Eberli and Betzler, 2019); in addition, owing to 791 

their lower density, they require a lower shear stress to initiate transport than other carbonate 792 

particles (Prager et al., 1996). In turn, the very flat shape of the bioclastic particles, resulting in low-793 

settling velocity values, also promotes stability and bed armouring when arranged on a sediment 794 

surface, so that higher bottom current velocities are needed to rework this type of sediment. Since 795 

Corsica bioclastic sands are located in a quieter environment (mounded drift) and Mozambique 796 

siliciclastic sands in a higher energy environment (contourite terrace), it is most likely that Corsica 797 

bioclastic sands were subjected mainly to winnowing but also to reworking. The winnowing of 798 

shallow-marine sediment input generated a deposit enriched in a relatively well-preserved mixture of 799 

fauna from different palaeodepths (planktonic and benthic foraminifers and other bioclast fragments) 800 

showing minimal thickness. The mixture of empty- and glauconite-filled foraminifer tests suggests 801 
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seafloor reworking and limited clastic sediment input despite current velocities powerful enough to 802 

resuspend previously deposited foraminifers (glauconite-filled foraminifer tests; Fig. 14B). 803 

“Autochthonous” foraminifers (especially planktonic empty-foraminifer tests) have the erodibility of 804 

very coarse silt. They have the settling velocity of very fine sand, however; they are not transported 805 

over great distances, being largely confined to bedload (McCave, 2008), and mixed with the 806 

glauconite-filled-foraminifer tests. 807 

Because fine-grained sediments —even carbonate muds— behave cohesively and are subject to 808 

particle aggregation (Winterwerp and van Kesteren, 2004; McCave, 2008), bottom currents between 809 

20 to 30 cm/s are needed in order to remove clay and carbonate muds, thereby giving way to 810 

winnowed and reworked sandy beds (McCave and Hall, 2006). It is important to underline that 811 

winnowing and reworking would nonetheless depend on the state of consolidation of the sediment, 812 

its composition and its content in mud. The diagram of Press and Siever (1986) shows that the 813 

threshold motion velocity in unconsolidated mud is between 2 and 5 cm/s (McCave and Hall, 2006; 814 

McCave et al., 2017). 815 

 816 

7.3. The balance for contourite formation: sediment input vs. bottom-current intensity 817 

Contourites develop when the energy of bottom currents is high enough to: i) affect vertical 818 

settling of pelagic and hemipelagic sediments; ii) affect gravity flows, and/or iii) rework the sediments 819 

on the seafloor (Rebesco et al., 2014 and references therein). In areas with higher direct sediment 820 

supply and faster sediment rates, the energy of bottom currents does not suffice to rework the 821 

original deposits (de Castro et al., 2020b). These conditions could correspond to areas closer to 822 

sediment supply, especially during sea-level lowstands (e.g., by an adjacent large river, in zones 823 

having active turbidite flows, or next to the upper slope along some continental margins). In addition, 824 

sediment accumulation rates often oscillate due to changes in sea-level and in climatic conditions 825 

(e.g., Haq et al., 1993; Catuneanu, 2006). Takashimizu et al. (2016) proposed three different age 826 

models for the formation of the bi-gradational sequences (see explanation in Fig. 15). For these 827 
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reasons, the Mozambique and Corsica systems are especially sensitive to changes in sediment supply, 828 

and the formation of the bi-gradational sequence could differ for siliciclastic and bioclastic contourite 829 

sands. 830 

 831 

7.3.1. Siliciclastic contouritic sands 832 

In Mozambique, radiocarbon dates obtained from planktonic foraminifera show a continuous 833 

increase in age down the core, even in the bi-gradational sequence, from 9,135 cal kyr BP to 2,761 cal 834 

kyr BP (i.e., ΔT ≠ 0), suggesfng relafvely confnuous deposifon with accumulation rates about 30 835 

cm/kyr (Fig. 3A and Table 2). This evokes Models 1 and 2 of Takashimizu et al. (2016) (Fig. 15). The 836 

three different ichnofabric distributions would suggest more variability than those models, with 837 

shorter time changes in hydrodynamic conditions, shorter term and higher sedimentation rates with 838 

lower bioturbation rates, and flow variability during the deposition of the siliciclastic sequence (MF1). 839 

Such variability may be linked to intermittent interactions between bottom currents and sediment 840 

supply, hence different environmental conditions for tracemakers (Rodríguez-Tovar et al., 2019a, b). 841 

However, these changes —interpreted in view of ichnological features (see Fig. 16 for explanation)— 842 

are punctual, relatively rapid, bearing little influence on the comparatively long in duration of the 843 

entire sequence seen in the ancient and modern record (Rodríguez-Tovar et al., 2019a, b; de Castro 844 

et al., 2020a, b; Hüneke et al., 2020). Unfortunately, all possible dating methods (applicable to this 845 

sites) do not allow researchers to 1) building a robust high-resolution age model; or 2) to identify with 846 

precision the presence and duration of such sediment hiatuses. 847 

The muddy contourite facies (MF2) developed during the post-glacial sea-level rise, under 848 

sedimentation rates of about 100 cm/kyr (Fig. 3A). Such high sedimentation rates suggest the direct 849 

input of sediments from the adjacent Zambezi river to the study area (Schulz et al., 2011). During sea-850 

level highstands offshore currents transport a large part of the sediments from the Zambezi river 851 

northwards, leaving a reduced amount accumulated on the slope in the study area (Schulz et al., 852 

2011), which may explain the reduced accumulation rates (about 30 cm/kyr) of the siliciclastic 853 
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sequence (Fig. 3B). The considerable distance of the sediment source, the reduction of sediment 854 

input, and enhanced bottom currents during sea-level highstands would contribute to the winnowing 855 

and reworking of previously deposited sediments. 856 

 857 

7.3.2. Bioclastic contouritic sands 858 

Mozambique siliciclastic sands are continuously supplied from the adjacent continent and shelf. 859 

Yet in Corsica there is no direct source of siliciclastic sand from the adjacent continent and shelf (Fig. 860 

1; Schulz et al., 2011; Miramontes et al., 2016). Therefore, a higher percent of shallow-marine 861 

bioclastic sands is transported onto the slope, then mixed with autochthonous biogenic particles, 862 

most likely during isolated episodes of transport and winnowing of sediments from the shelf and the 863 

shelf edge. Based on the age model of the Corsica contouritic sands, the top and the base of the 864 

sandy interval are of similar age (29,507±408 cal yr BP and 30,368±636 cal yr BP; Fig. 9A), and 865 

therefore ΔT ~ 0 (Fig. 15). This model suggests a more rapid deposition for the bioclastic contourite 866 

sands, possibly related to gravity-driven processes. In the absence of high-resolution radiocarbon ages 867 

throughout the bioclastic bi-gradational sequence, including the muddier intervals, ichnological data 868 

provide useful complementary information regarding the relative duration of the sandy interval 869 

deposition. The sequence of ichnofabrics i2 to i3 in Corsica’s bi-gradational sequence marks a 870 

significant change in depositional conditions throughout the sequence; the record of coarse-grained-871 

filled Thalassinoides and Planolites within i2 lead us to surmise as a decrease in sedimentation rates 872 

or even erosion before the development of i3, with increased substrate consistency (Fig. 16). Such 873 

intermittent depositional conditions are similar to those observed in Mozambique siliciclastic sands, 874 

discarding a fast event as the trigger of its formation (Fig. 16). Corsica’s bioclastic sands could 875 

therefore represent the small-scale cyclicity of contourite deposition, as recorded in the Gulf of Cadiz 876 

(Brackenridge et al., 2018; de Castro 2020a, b), most likely related to short-term (possibly 877 

multicentennial scale) fluctuations of the bottom currents as observed in the Capo Vaticano upper 878 

slope in the Mediterranean Sea (Martorelli et al., 2020). The duration of these short-term fluctuations 879 
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is within the error limits of the radiocarbon ages measured on the core of Corsica, so they could not 880 

be unequivocally identified (Fig. 9A). Given this situation, model 2 of Takashimizu et al. (2016) would 881 

fit the Corsica bi-gradational sequence better. As in the case of Mozambique, the bi-gradational 882 

sequence in Corsica developed during a period of active bottom currents and isolated episodes of 883 

sediment input (Calvès et al., 2013; Miramontes et al., 2016). Considering the present-day 884 

hydrological structure in the Corsica Trough, an active bottom current period might signal intensified 885 

Levantine Intermediate Water (LIW) inflow and bottom water oxygenation during stadials MIS 3 and 886 

MIS 2 (Toucanne et al., 2012; Minto’o et al., 2015), followed by weaker LIW ventilation during the 887 

Holocene. 888 

Chabaud et al. (2016) demonstrated that the overall bi-gradational grain-size trend in the 889 

carbonate contourites can be interpreted along the lines of siliciclastic sequences described by 890 

Gonthier et al. (1984) — an acceleration followed by a deceleration of bottom currents over time. 891 

However, the processes involved in the bioclastic sandy contourite sandy interval (CF1) are quite 892 

different from those of the siliciclastic one (MF1). Mulder et al. (2019) proposed that the bioclastic 893 

central interval corresponds to currents with enhanced velocity, increasing fine-grained particle 894 

winnowing under very low sedimentation rates (<3 cm/kyr) and reworking of the sediments. The 895 

skeletal particles of Corsica’s bioclastic sands range from round (foraminifers), rod (echinoid spines), 896 

and blade (bivalves), to plate-shaped particles (echinoid plates). It can be expected that the bulk of 897 

the material of each shape group would be transported at a different average height above the 898 

seafloor in the bottom boundary layer (Flemming, 2016). The fact that we lack bottom current 899 

velocities, the threshold of motion, and settling velocity parameters, impedes attempts to unravel the 900 

hydrodynamic conditions of deposition of these contouritic sands. Still, we can anticipate a higher 901 

drag coefficient —and higher shear stress— in flat-shaped bioclasts (as bivalves or coralline algae) 902 

than in rounded foraminifers during the post-depositional reworking. At the same bottom current 903 

speed, foraminifers would be transported more easily in suspension, and most of the bioclasts would 904 

remain near the bottom bed. In other words, in an active bottom current setting, a bioclastic-rich 905 
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sediment input is prone to be exposed during longer periods to the bottom currents. But once it is 906 

deposited, more vigorous bottom currents are needed for the reworking of bioclastic particles. As the 907 

Corsica mounded plastered drift represents a low-energy environment, it is most likely that the C3 908 

interval of the bi-gradational sequence marks the interaction of bioclastic-rich sediment input and 909 

bottom currents for a short period of time, in agreement with a previously mentioned short 910 

multicentennial cycles. During the synchronous interaction between the bottom currents and the 911 

gravity-driven flow, the fine-grained suspended load is winnowed downstream from the depositional 912 

site, as observed in flume experiments (Miramontes et al., 2020), and most of the coarser particles 913 

are deposited in the drift as sediment lags. 914 

 915 

7.4. Bi-gradational sequence: contourite terrace vs. plastered drift 916 

The standard bi-gradational sequence defined by Gonthier et al. (1984) has been widely used as a 917 

diagnostic criterion for modern and ancient bottom-current activity and contourite mounded drift 918 

deposits in deep-marine environments in recent years (Duan et al., 1990; Balaky and Tamar-Agh, 919 

2017; Capella et al., 2017; Li et al., 2019; Rodríguez-Tovar et al., 2019; de Castro et al., 2020b; Hüneke 920 

et al., 2020; Zhang et al., 2020). This sequence consists of five intervals (C1-C5) related to a flow with 921 

a waning-waxing trend, giving rise to the typical superposition of coarsening-upward (reversely 922 

graded) and fining-upward (normally graded) sequences (Gonthier et al., 1984). Recently, de Castro et 923 

al. (2020b) proposed the genesis of bi-gradational sequences with precessional-driven changes in 924 

bottom current speed coetaneous with higher sediment input in the Gulf of Cadiz. Stow and Faugères 925 

(2008) proposed that incomplete bi-gradational sequences are also common in contourite drifts, 926 

suggesting the terms “base-cut” (intervals C3-C5), “top-cut” (intervals C1-C3) or “base and top cut” 927 

(interval C3). These complete and incomplete sequences were identified during the IODP 339 928 

expedition in the Gulf of Cadiz (Stow et al., 2013; Hernández-Molina et al., 2014, 2016). Alonso et al. 929 

(2016) and de Castro et al. (2020a) described the base-cut contourite sequences in areas near 930 

contourite channels and moats, that is, in a channel-drift transition zone. De Castro et al. (2020a) 931 
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related those incomplete sequences to the sedimentary input by dilute turbiditic flows, later 932 

reworked by the bottom currents. However, the genesis of the top-cut contourite sequences is still 933 

poorly understood. 934 

Mozambique sandy contourites (MF1) have developed since approximately 9,135±152 kyr BP until 935 

the present day; indeed, current ripples can be found in the present-day seafloor on a contourite 936 

terrace (Fig. 2A and B). Unlike Corsica sandy contourites (CF1), which present the full bi-gradational 937 

sequence, the Mozambique sandy contourite (MF1) serves as a good example of a top-cut contourite 938 

sequence (Fig. 3A) formed under sedimentation rates of approximately 30 cm/kyr. 939 

During the late Holocene, the sedimentation rate along the Mozambique contourite terrace in the 940 

upper slope was very low, owing to a combination of circumstances: i) the general sea-level high 941 

stand; ii) less sediment supply in the distal part of the studied terrace because the Zambezi river was 942 

mainly transported northward by longshore currents (Schulz et al., 2011); and iii) the Mozambique 943 

current (MC) actively flowed along the shelf break and the upper slope (Fig. 17A). Given the 944 

combination of these processes, the contourite terrace was and is still affected by vigorous bottom 945 

currents which winnow, rework and predominantly erode previously deposited sediments 946 

(Thiéblemont et al., 2019; Miramontes et al., 2020b). 947 

We therefore propose that one setting for the formation of top-cut contourite sequences is the 948 

distal zone of contourite terraces due to higher bottom current energy conditions than in a contourite 949 

drift. Thiéblemont et al. (2019) shows clear evidence for high current velocities influencing contourite 950 

terraces (> 25 cm/s). This model agrees with the sedimentary model proposed by Viana and Faugères 951 

(1998) offshore Brazil, where a sequence of facies similar to those Mozambique was described. From 952 

the viewpoint of these authors, sandier and dominant siliciclastic sediment is supplied from the outer 953 

shelf to the upper slope terraces during the transgression, then later reworked by the Brazil Current. 954 

In their model, the carbonate accumulation would occur during relative sea-level falls, before 955 

subaerial exposure of the shelf, as observed also in the Bahamas Bank (Mulder et al., 2019) and in the 956 

example in of Corsica studied in this work (Fig. 17B). 957 

Jo
urn

al 
Pre-

pro
of



 38

 958 

8888. C. C. C. CONCLUSIONSONCLUSIONSONCLUSIONSONCLUSIONS    959 

Based on the comparison between two different contourite depositional systems located in the 960 

upper-middle continental slope of the Mozambican margin (SW Indian Ocean) and the Corsica Trough 961 

(northern Tyrrhenian Sea), that are characterised by the presence of siliciclastic and bioclastic sandy 962 

contouritic layers respectively, we draw the following conclusions: 963 

- The interaction between sediment supply and bottom current activity is reflected in the 964 

Principial Component Analysis (PCA). Reworking proxies are represented differently depending on 965 

the nature of the sediment. In siliciclastic contourite sands, the reworking is marked by an 966 

enrichment of quartz (Si), large bioclastic-skeletal grains (Ca and Sr), and heavy minerals (Zr), and a 967 

diminution of the terrigenous elements (Fe, K, Al, Ti and Rb) due to winnowing and reworking. In 968 

bioclastic contourite sands, winnowing and reworking is mainly represented by an enrichment of 969 

coarse-grained bioclastic particles (Ca and Sr) and diminution of the terrigenous elements (Fe, K, 970 

Al, Ti and Rb). 971 

- Sorting in a contourite system is not only a function of particle size but also of particle shape, 972 

density and composition. The more rounded siliciclastic contouritic sands in Mozambique can 973 

achieve a relative better sorting, while the irregularly shaped bioclastic sandy contourites in 974 

Corsica are very poorly sorted. Differences in the sorting of contouritic sands could be related to 975 

the particular hydrodynamic behaviour of bioclastic sands. The settling velocities of bioclastic 976 

particles are much lower than those of the siliciclastic sand fraction, hence a bioclastic-rich 977 

sediment input is prone to be exposed during longer periods to bottom currents. Once it is 978 

deposited, however, more vigorous bottom currents would be needed for reworking of the 979 

bioclastic particles. 980 

- The variability in the ichnodiversity, abundance and distribution of bioturbation in both 981 

Mozambique and Corsica is linked to intermittent interactions between bottom currents and 982 

sediment supply, thus different environmental conditions for tracemakers. This points to the 983 
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intermittency of processes during the bi-gradational sequence deposition. The intermittency 984 

reflects shorter-time changes in hydrodynamic conditions, shorter-term higher accumulation rates 985 

and lower bioturbation rates, and flow variability during its deposition. We can therefore affirm 986 

that the formation of the studied bi-gradational sequences was discontinuous. 987 

- Sediment input has a strong impact on the bi-gradational contourite sequence formation. 988 

Both, the Mozambique and the Corsica bi-gradational sequences developed mainly during periods 989 

of vigorous bottom currents in different contourite environments: in a contourite terrace in the 990 

Mozambican upper slope, and in a contourite drift in the Corsica Trough. However, they differ in 991 

terms of the proximity of the source area. The contourite drift offshore Corsica is located in the 992 

middle slope, and bioclastic sands would have been transported to the slope during sea-level 993 

lowstands probably during isolated episodes of winnowing and reworking and transport of 994 

sediments from the shelf and the shelf edge, mixed with pelagic and hemipelagic particles. In 995 

contrast, the Mozambique contourite terrace occupies shallower locations and lies directly 996 

offshore the Zambezi delta, meaning it was continuously supplied from the adjacent continent and 997 

shelf and by alongslope currents, especially during sea-level highstands. At further reflected by the 998 

thicknesses of the two bi-gradational sequences: the one offshore Mozambique has a thickness of 999 

about 2 m, while bi-gradational sequences in the contourite drift offshore Corsica have thicknesses 1000 

below 60 cm.  1001 

In summary, the sedimentological characteristics of sandy contourites and bi-gradational 1002 

sequences vary depending on the sediment composition (e.g., siliciclastic or bioclastic sands) and on 1003 

the factors controlling the development of contourites in the area (i.e., oscillations in sediment supply 1004 

and bottom-current velocity). It is therefore necessary to have a broad understanding of the 1005 

geological, sedimentary and oceanographic setting in order to arrive at correct and detailed 1006 

interpretations regarding bi-gradational sequences in contouritic deposits. 1007 
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 1471 

Table captions.Table captions.Table captions.Table captions.    1472 

Table 1.Table 1.Table 1.Table 1. MOZ4-CSF19 and PSM3-CS009 core summary. 1473 

Table 2.Table 2.Table 2.Table 2. Radiocarbon calibrated ages for PSM3-CS009 and MOZ4-CSF19. For PSM3-CS009 mean ΔR = -1474 

124, uncertainty = 22 (obtained from points number 221, 222, 1943) (Tisnérat-Laborde et al., 2013; 1475 

Siani et al., 2000). For MOZ4-CSF19 mean ΔR = 45, uncertainty = 85 (obtained from points number 1476 

487, 488, 1909 and 1918) (Maboya et al., 2017; Southon et al., 2020). 1477 

Table 3Table 3Table 3Table 3. Synoptic table with sedimentary facies observations and interpretations. 1478 

Table Table Table Table 4444.... Relative percentage frequency of different components determined by means of the visual-1479 

comparison charts of Baccelle and Bosellini (1965) and Matthew et al. (1991). 1480 

 1481 

Figure captionsFigure captionsFigure captionsFigure captions    1482 

Figure 1. Figure 1. Figure 1. Figure 1. A) Regional bathymetric map of the Mozambique Channel showing the main ocean currents. 1483 

MC: Mozambique Current; MUC: Mozambique Undercurrent; ME: Mozambique eddies. B) 1484 

Bathymetric map showing the study area and the location of the studied core MOZ4-CSF19 (modified 1485 

from Miramontes et al., 2020b). The black line indicates the location of the seismic line used in Figure 1486 

2A. C) Regional bathymetric map of the Corsica Trough and extension of the contourite drifts that 1487 

form the Pianosa Contourite Depositional System and of the turbidite lobes of the Golo Turbidite 1488 

Network (modified from Miramontes et al., 2016). D) Bathymetric map showing the study area and 1489 

the location of the studied core PSM3-CS009. 1490 
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Figure 2. Figure 2. Figure 2. Figure 2. A) Multi-channel high-resolution seismic reflection profile (MOZ4-HR-114) showing the main 1491 

depositional and erosional features observed in the upper and middle slope and the projected 1492 

location of core MOZ4-CSF19 (modified from Miramontes et al., 202020). B) Photography of the 1493 

seabed at the core site characterised by straight- to sinuous-crested current ripples. C) Sub-bottom 1494 

profiler image (PSM2-CH-064) showing the location of core PSM3-CS009 with black line (modified 1495 

from Miramontes et al., 2016). 1496 

Figure 3.Figure 3.Figure 3.Figure 3. A) Grain size distribution curve, and sedimentary facies log plotted against, linear 1497 

sedimentation rates, PC distribution and elemental ratios downcore of MOZ4-CSF19. The coloured 1498 

band indicates the interval when bottom currents and the sediment supply by the Zambezi river 1499 

activity were coeval. Principal Component for M-PC1 (B) and M-PC2 (C) of MOZ4-CSF19.  1500 

Figure 4.Figure 4.Figure 4.Figure 4. High-resolution core images and X-Ray radiographs of the Mozambique channel (MOZ4-1501 

CSF19) for the sedimentary facies MF1 (A, B, C, D, E, F) and MF2 (E, F) showing the location and 1502 

abundance of trace fossils assemblages and ichnofabrics: Planolites (Pl), Thalassinoides (Th), Nereites 1503 

(Ne), Scolicia (Sc) and probable Skolithos (?Sk). Blue rhombuses indicate slight changes in matrix 1504 

content in MF1 based on X-Ray radiographs and grain size curve of Fig. 3. The darkest areas in the X-1505 

Ray radiograph represent the coarsest grain size. The black boxes indicate the location for thin 1506 

sections from Fig 6. A, B) MOZ4-CSF19-S1 shows the top of the bi-gradational sequence. The white 1507 

box highlights the area where an irregular surface can be identified at 70 cm depth, under which 1508 

Thalassinoides are very well developed suggesting the presence of an omission surface. The blue 1509 

vertical arrow pointing downwards indicates the penetration depth of Thalassinoides. C, D) MOZ4-1510 

CSF19-S2 represents the bottom part of the sequence. (E, F) MOZ4-CSF19-S3 displays the bioturbated 1511 

transition between MF2 and MF1 which is represented by ichnofabric i2, showing Thalassinoides filled 1512 

by coarse-grained material from above or eroded layers. Here, MF1 is darker than in the rest of the 1513 

sequence suggesting low-oxygen conditions during its deposit. MF2 is characterised by abundant and 1514 

well-developed Palaeophycus (Pa) implying nutrient inputs (orange box). 1515 

Jo
urn

al 
Pre-

pro
of



 60

Figure 5.Figure 5.Figure 5.Figure 5. Cross-plot of sorting (Φ) against D50 (μm) showing different trends for siliciclastic (MOZ4-1516 

CSF19) and bioclastic-rich (PSM3-CS009) contourite sands. Note how bioclastic-rich contourite sands 1517 

are less sorted with the increase of grain size whereas siliciclastic sands are better sorted with the 1518 

increased of grain size. 1519 

Figure 6.Figure 6.Figure 6.Figure 6. Photographs of large thin-sections showing the general texture of MF1 (A, B) and MF2 (C). A) 1520 

Grain-supported texture in the middle and top part of the sequence. No significant lamination or 1521 

bioturbation is present. The dark elongated particles comprise bioclasts (mainly coraline algae). B) 1522 

Matrix-supported and grain-supported patches at the base of the sequence. The yellow dashed lines 1523 

indicate the boundaries of the patches. This texture probably represents an originally more regular 1524 

sedimentary lamination that was disturbed by bioturbation. C) Matrix-supported texture. Note that 1525 

some areas are grain-supported and irregular laminae of dark-brown carbonaceous material is 1526 

dominant. This texture could not represent the original depositional feature, since is related to the 1527 

preparation of the thin section during induration. The white boxes indicate the location of thin 1528 

sections in Fig. 7. 1529 

Figure 7. Figure 7. Figure 7. Figure 7. A, B) MF1 grain-supported fabric lacking any residual matrix at the top of the sequence 1530 

showing major amount of larger bioclasts, planktic/benthic foraminifers and heavy minerals. C) MF1 1531 

grain-supported fabric with residual matrix surrounding quartz grains (blue arrows) and the presence 1532 

of larger bioclasts (coralline algae on the left-hand side of the photograph) and heavy minerals (pink 1533 

dots). D) Iron-rich matrix supported area in MF1 with subangular quartz grains, planktic foraminifers 1534 

and few heavy minerals (pink dots). E) Grain-supported fabric in MF1 at the base of the sequence 1535 

with a predominant quartz grain composition and rare foraminifers and bioclasts. Heavy minerals are 1536 

common and marked with pink dots. Some of them are easily identified as titanite (Ti), garnet (Gt), 1537 

zircon (Zr), epidote (Ep) or amphibole/pyroxene (Aph/Px). F) Cross-polarized (XPL) grain-supported 1538 

fabric in MF1 at the base of the sequence with a preferential orientation of elongated particles such 1539 

as bioclasts and micas (yellow dots). G, H) MF2 matrix-supported texture composed mainly by iron-1540 
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rich argillaceous matrix (50% in G and 80% in H) and subangular quartz grains. Heavy minerals, 1541 

bioclasts, and foraminifers are rare. 1542 

FiguFiguFiguFigure 8.re 8.re 8.re 8. High-resolution core images and X-Ray radiographs of the Mozambique channel (MOZ04-1543 

CSF19) MF2 (A, B) and MF3 (C, D) showing the location and abundance of trace fossil assemblages. 1544 

?Zoophycos (?Zo), Nereites (Ne), Chondrites (Ch), Planolites (Pl), Thalassinoides (Th) and Mycelia (My). 1545 

Figure 9.Figure 9.Figure 9.Figure 9. A) Grain size distribution curve, and sedimentary facies log plotted against PC distribution 1546 

and elemental ratios downcore of MOZ4-CSF19. Coloured band indicates a terrigenous input related 1547 

to a sediment suspension cloud. Principal Component of C-PC1 and C-PC2 of MOZ4-CSF19 are shown 1548 

in B and C. 1549 

Figure 10.Figure 10.Figure 10.Figure 10. High-resolution core images (A, C, D) and X-Ray radiograph (B) of the Corsica Trough 1550 

(PSM3-CS009). A, B) CF1 reversely- and normally-graded bioclastic sands showing the location and 1551 

abundance of trace fossil assemblages. Planolites (Pl), Thalassinoides (Th) and Chondrites (Ch). The 1552 

darker the area in the X-Ray radiograph, the coarser the grain size. The black boxes indicate the 1553 

location for thin sections from Fig. 8. Blue rhomb indicates slight changes in matrix content in CF1 1554 

based on X-Ray radiograph and grain size curve of Fig. 3. Note the gradational contact between CF1 1555 

and CF2 at the top and CF3 at the bottom of the sequence. As in MF1 this bi-gradational sequence is 1556 

characterised by i1, i2 and i3 ichnofabrics. The blue vertical arrows pointing downwards indicate the 1557 

penetration depth of Th. C) CF2 muddy contourite burrowed with Thalassinoides, Planolites and rare 1558 

Chondrites and Scolicia (Sc). D) CF3 Hemipelagite showing Thalassinoides, Planolites, Chondrites and 1559 

Scolicia burrows. Although the visual distinction between CF3 and CF2 is not straightforward, not that 1560 

the geochemical signal observed in Fig. 8C is different. E) Hemipelagite subjected to a distal turbulent 1561 

flow. The trace fossil assemblage is different from the pure hemipelagites and muddy contourite 1562 

displaying Nereites (Ne) and undifferentiated vertical traces (?vt), indicating relatively rapid 1563 

deposition.  1564 

    Figure 11.Figure 11.Figure 11.Figure 11. Photographs of large thin-sections (A, B, C) for CF1 with the general patchy texture of 1565 

wackestone and packstone throughout the bi-gradational sequence. As in MF1, this texture probably 1566 
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represents an originally more regular sedimentary lamination that was disturbed by bioturbation. The 1567 

white boxes indicate the location for thin sections in Fig. 12. 1568 

Figure 12. Figure 12. Figure 12. Figure 12. Packstone fabric in CF1 (A, B)    with abundant planktic and benthic foraminifers that may be 1569 

empty (blue dots) or filled by glauconite (pink dots). Glauconite can present brownish (orange dots) or 1570 

greenish (green dots) colours. Bioclasts are usually fragmented and the matrix is composed by 1571 

micrite. C, D) CF1 wackestone fabric with different amounts of matrix (∼80% in C and ∼45% in D). In 1572 

these areas, benthic foraminifers and foraminifers tests filled by glauconite are less abundant, but 1573 

they have major proportions of fine-grained quartz grains. 1574 

Figure 13. Figure 13. Figure 13. Figure 13. PC1 vs. PC2 cross-plots for Mozambique (A) and Corsica (B) datasets. 1575 

Figure 14.Figure 14.Figure 14.Figure 14. Sketches explaining the differences between (A) winnowing and (B) reworking, and how 1576 

they are reflected in Mozambique siliciclastic sands and Corsica bioclastic sands. 1577 

Figure Figure Figure Figure 15151515. . . . Schematic radiocarbon age model for Mozambique and Corsica bi-gradational sequences. 1578 

Modified from Takashimizu et al. (2016). Models 1 and 2 assume that the base and top intervals of 1579 

the sequences show different ages (i.e., ΔT ≠ 0), suggesfng confnuous accumulafon over a relafvely 1580 

long period. Model 3 assumes that the top and basal horizons are of similar age (i.e., ΔT=0) and, 1581 

therefore, the deposit corresponds to a rapid deposition event from a gravity-driven flow. 1582 

Figure 16.Figure 16.Figure 16.Figure 16. Representation of the possible interactions between bottom currents, sediment input and 1583 

hemipelagic settling in the development of Planolites/Thalassinoides ichnofabric. Planolites essentially 1584 

reflects simple, horizontal, actively filled burrow systems of (respectively) deposit-feeding or 1585 

predaceous organisms (Pemberton and Frey, 1982), and is usually associated with low-sedimentation 1586 

rates (Rodríguez-Tovar et al., 2019a, b). Planolites is a softground tracemaker and usually develops 1587 

bioturbation horizons up to 3 cm deep in the sediment-water interface (Interaction A, C, E and G). The 1588 

presence of Thalassinoides indicates a break in sedimentation that led to early compaction (increased 1589 

substrate consistency), of initial softground (Interaction B, D and F). Planolites/Thalassinoides 1590 

ichnofabric indicates increasing substrate cohesion from softground (Planolites) conditions into 1591 

firmground (Thalassinoides). This suggests that during the deposition of Mozambique siliciclastic 1592 
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sands and Corsica bioclastic sands the energy regime was intermittent (Rodríguez-Tovar et al., 2019a, 1593 

b; de Castro et al., 2020a, b). The colours do not represent changes in grain size, but are meant to 1594 

differentiate each possible interaction. The order of the interactions does not represent a real trend. 1595 

Figure Figure Figure Figure 17171717.... Sketches explaining the facies identified in Mozambique (A) and Corsica (B), and related to 1596 

the distal part of a contourite terrace and the adjacent plastered drift. Top-cut (A) and Complete (B) 1597 

bi-gradational sequences and their sedimentary facies are illustrated in each setting, including the 1598 

vertical changes in their microfacies and their link with dominant sedimentary processes (see text for 1599 

further explanations). 1600 
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Core ID Cruise Water depth Core length Total sections 
Detailed studied 

sections 
Deposit  

MOZ4-CSF19 

PAMELA-MOZ04, 

2015 

R/V Pourquoi pas? 

315 9.24 m 10 S1, S2 and S3 
Contourite 

terrace 
 

PSM3-CS009 
PRISME3, 2013 

R/V Pourquoi pas? 
370 m 21.26 m 23 S14 

Plastered drift-

mounded deposit 
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Core 
Depth 

(m) 
Lab. no. Material 

Age 14C 

(BP) 

cal BP age 

range 1 sigma 

cal BP range 2 

sigma 

Median 

probability 

        

MOZ4-CSF19 0.055 Beta-447916 
G.trilobus 

trilubos 
3170 ± 30  2644 - 2897 2481 - 3023 2761 

MOZ4-CSF19 2.155 Beta-447917 
G.trilobus 

trilubos 
8710 ± 30  9002 - 9264 8868 - 9407 9135 

MOZ4-CSF19 3.005 Beta-462599 
Bulk planktonic 

foraminifera 

10180 ± 

30 
10913 - 11203 10729 - 11311 11060 

MOZ4-CSF19 4.505 Beta-462602 
Bulk planktonic 

foraminifera 

11320 ± 

30 
12535 - 12729 12417 - 12834 12631 

MOZ4-CSF19 7.005 Beta-470569 
Bulk planktonic 

foraminifera 

13240 ± 

40 
14875 - 15189 14653 - 15361 15031 

MOZ4-CSF19 9.055 Beta-447918 
Bulk planktonic 

foraminifera 

14950 ± 

40 
17044 - 17354 16895 - 17564 17208 

        

PSM3-CS009 11.26 Poz-63393 
Bulk planktonic 

foraminifera 

26880 ± 

330 
30051 - 30694 29777 - 30991 30368 

PSM3-CS009 14.00 Beta-394859 
Bulk planktonic 

foraminifera 

26000 ± 

110 
29311 - 29690 29176 - 29836 29507 
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Facies acronymFacies acronymFacies acronymFacies acronym    MF1MF1MF1MF1    MF2MF2MF2MF2    MF3MF3MF3MF3    CF1CF1CF1CF1    CF2CF2CF2CF2    CF3CF3CF3CF3    

Facies name Mottled fine-grained 

sand 

Homogenous medium-

grained silt 

Thin-bedded medium-

grained silt 

Mottled fine-grained 

sand 

Mottled fine- to coarse-

grained silt 

Homogenous fine-

grained silt 

Grain size range 19.1-152.6 µm 

 

4.9-20.32 µm 

 

4.9-12.3 µm 

 

6.1-275.4 µm 6.10-30.83 µm 5.96-11.49 µm 

Gradation Reversely graded Massive Bi-gradational Bi-gradational Massive Massive 

Sedimentary structures - 

Ripples in the seafloor 

 

- Parallel to low-angle 

lamination (X-Ray) 

- - - 

Top Seafloor 

 

Gradational Gradational Gradational Gradational Gradational 

Base Gradational 

 

Gradational Gradational Gradational Gradational Gradational 

Thickness 2 m 

 

Up to 3 m 1 m Up to 60 cm 1 – 4 m Up to 9.7 m 

Geochemistry (PCA) M-PC1 positively loaded 

High in Zr/Ti 

Low in K+Fe+Ti/Ca+Sr 

 

M-PC1 negatively loaded or 

zero 

Low in Zr/Ti 

High in K+Fe+Ti/Ca+Sr 

M-PC1 negatively 

loaded  

Low in Zr/Ti 

High in K+Fe+Ti/Ca+Sr 

C-PC1 negatively loaded 

High in Sr/Ca 

Low in K+Fe+Ti/Ca+Sr 

C-PC1 negatively loaded 

or zero 

Low in Sr/Ca 

Low in K+Fe+Ti/Ca+Sr 

C-PC1 positively loaded 

Low in Sr/Ca 

High in K+Fe+Ti/Ca+Sr 

Main trace fossil 

assemblages 

Palaeophycus, 

Planolites, 

Thalassinoides  

 

Palaeophycus, Planolites, 

Thalassinoides, Nereites  

Planolites, 

Thalassinoides, Nereites, 

Zoophycos 

Planolites, 

Thalassinoides 

Planolites, 

Thalassinoides, Scolicia, 

Chondrites 

Planolites, 

Thalassinoides, Scolicia, 

Chondrites 

Microfacies Rich in quartz grains, 

bioclasts and heavy 

minerals  

Rich in clays and quartz 

grains 

- Rich in 

planktonic/benthonic 

foraminifers and other 

bioclasts 

- - 

Fabric Predominantly grain-

supported 

Matrix-supported - Grain-supported with 

matrix supported 

patches 

- - 

Interpretation Siliciclastic sandy 

contourite 

 

Siliciclastic muddy 

contourite 

Hyperpycnite Bioclastic sandy 

contourite 

Muddy contourite Hemipelagite 

Inferred sedimentary 

processes 

Alternations of 

suspension and traction 

Lateral advection from 

bottom currents 

Lateral advection from a 

turbulent flow 

Alternations of 

suspension and traction 

Lateral advection from 

bottom currents 

Vertical settling 
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MOZ4-CSF19 
 

Section Interval (m) Facies Quartz Feldespar 
Lithic 

fragments 
Glauconite Bioclasts 

Benthic 

forams 

Planktic 

forams 
Matrix 

Accessories 

 

S1 0.1-0.2 MF1 60 5 0 0 10 2 5 0 5 

S1 0.6-0.7 MF1 60 7.5 0 1 5 5 10 0 12.5 

S2 0.95-1.05 MF1 40 5 1 1 20 10 15 0 5 

S2 1.06-1.16 MF1 20 0 0 0 5 5 10 50 10 

S2 1.69-1.79 MF1 70 2 0 1 10 5 15 0 10 

S3 1.96-2.06 MF1 40 2.5 0 2 5 2 10 20 2 

S3 2.43-2.53 MF2 50 5 0 0 0 5 5 25 5 

S3 2.43-2.53 MF2* 10 2 0 0 0 0 2 85 1 

 
PSM3-CS009 
 

Section Interval (m) Facies Quartz 

Empty 

planktic 

forams 

Forams filled 

by glauconite 

Broken planktic 

forams 

Empty Benthic 

forams 
Glauconite Bioclast Matrix 

Accessories/ 

opaques 

S14 12.40-12.50 CF1 (P) 5 20 20 5 10 5 15 20 0 

S14 12.40-12.50 CF1 (W) 1 10 10 2 15 5 15 45 0 

S14 12.50-12.60 CF1 (P) 2 15 5 2 15 3 10 35 0 

S14 12.50-12.60 CF1 (W) 5 10 0 0 2 1 2 80 0 

S14 12.72-12.82 CF1 (P) 1 15 15 2 15 5 10 35 1 

S14 12.72-12.82 CF1 (W) 1 10 5 0 1 1 2 80 0 
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HighlightsHighlightsHighlightsHighlights    

- Reworking proxies are different for bioclastic and siliciclastic sands 

- Winnowing and reworking bottom current effects have a distinctive geochemical signal and 

they are observed at the microfacies scale 

- Bi-gradational contourite sequence show evidences of intermittent depositional conditions 

- Sediment input and distance to sediment source has a strong impact on the bi-gradational 

contourite sequence formation 

- Contourite drifts are not only formed by contourite deposits 
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