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Abstract : 
 
Recent marine geophysical surveys reveal the existence of well-developed volcaniclastic deep-sea fans 
around La Réunion Island, Indian Ocean. The Mafate turbidite complex, located in the northwestern part 
of the island, is a large sedimentary system formed by two coalescent-like volcaniclastic deep-sea fans: 
the Mafate fan and the Saint-Denis fan. They are both connected to terrestrial rivers supplying sediment 
produced by erosion on the island, particularly during austral summer cyclonic floods. Through the 
integration of marine geophysical data (including bathymetry, backscatter multibeam sounder images, 
TOBI side-scan sonar images and seismic reflection profiles) and piston cores, a submarine morpho-
sedimentary map of the surface architecture of the Mafate and Saint-Denis turbidite systems has been 
established. The systems are divided in three main domains: deep canyons in the proximal area, a 
channel network in the medial area, and distal depositional lobes on the abyssal sea floor. Two large 
sediment wave fields also formed as a result of the volcaniclastic turbidity currents. Three piston cores 
collected along the Mafate complex provide information on the sedimentary processes in this area over 
the last 25 ka. The record of turbidite events in these cores is interpreted in terms of volcanic and 
climatic changes that could have controlled the sediment transfer to the deep ocean. 
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Highlights 

► We present the first description of the Mafate-Saint-Denis turbidite complex. ► Cores offer a record 
of the Mafate turbidite system activity over the last 25 ka. ► Turbidite activity occurs during a period 
dominated by erosional processes on land. ► Two sediment wave fields develop thanks to sandy 
supplies from turbidity currents. 

 

Keywords : Deep-sea fan, turbidite, volcaniclastic, land-to-sea transfer, La Réunion Island, Late 
Quaternary 
 

 

 

 

1. Introduction 

 
Previous studies interpreting gravity flows and mass movements affecting the submarine slopes of 
volcanic islands suggest that they have a major influence on the dismantling and enlarging of these 
islands. Examples include Stromboli Island (Kokelaar and Romagnoli, 1995; Romagnoli et al., 2009; 
Casalbore et al., 2010), Hawaii Islands (Garcia and Hull, 1994; Moore et al., 1994; Garcia, 1996), 
Lesser Antilles (Deplus et al., 2001; Boudon et al., 2007), Canary Islands (Schmincke and Sumita, 
1998; Krastel et al., 2001, Acosta et al., 2003) and La Réunion Island (Ollier 
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et al., 1998; Oehler et al., 2008; Lenat et al., 2009a; Le Friant et al., 2011; Sisavath 

et al., 2011; Saint-Ange et al., 2013). The occurrence of these gravity processes on 

land and off shore and the volume of material involved, depend on numerous 

parameters such as volcanic activity, lithology and alteration, sediment nature and 

supply, local morphology (slopes) and climate, amongst others. 

The characterization of these submarine gravity processes is necessary to 

understand the evolution of volcaniclastic sedimentary systems over time and their 

role in the building of the submarine component of ocean-rooted volcanoes. Despite 

the growing amount of work on the submarine slopes of volcanoes in recent years 

(Casalbore et al., 2011; Lebas et al., 2011; Romagnoli et al., 2013; Denlinger and 

Morgan, 2014; Hunt et al., 2014, 2015), we still know little about the mechanisms 

involved, in particular the relationships between flank instabilities (slumps, landslides, 

debris avalanches) affecting large portions of the volcanic edifices, and detrital 

supplies to the abyssal plain. In addition to mass-wasting processes that affect 

submarine volcanic slopes, turbidite deposits are of strong interest as they record the 

transfer of sediments from the coastline to the surrounding deep sedimentary basins 

(Reading and Richards, 1994; Weaver et al., 2000). 

From 2006 to 2011, several surveys were conducted offshore La Réunion Island, 

acquiring a large dataset including bathymetry, backscatter images, TOBI side-scan 

sonar images, seismic reflection profiles and piston cores from the submarine flanks 

of the volcanic edifice to the surrounding oceanic plate. These studies have revealed 

the existence of five volcaniclastic deep-sea fans around the island (Figs. 1, 2). The 

Cilaos deep-sea fan, the largest of them, has been widely studied (Saint-Ange, 2009; 

Saint-Ange et al., 2011; Sisavath, 2011; Sisavath et al., 2011, 2012), the other four 

systems remaining poorly documented. 
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The present study focuses on the Mafate volcaniclastic turbidite complex located in 

the northwestern part of the island. This sedimentary complex appeared especially 

interesting as it is partly fed by the “cirque” of Mafate, one of the most important 

erosional features of La Réunion Island , known for its high erosion rates (Louvat and 

Allègre, 1997); and because it presents a peculiar morphology with two coalescent-

like fans: the Mafate turbidite system and the Saint-Denis turbidite system (Fig. 2). 

This paper presents an integrated study of the morphology and the acoustic and 

seismic facies that characterize the Mafate volcaniclastic turbidite complex. We 

describe here the nature and organization of the sedimentary units from the canyons 

to the distal part of the complex, and focus our observations on the interactions 

between turbidite processes, adjacent mass-wasting deposits and sediment wave 

fields. Based on sediment records, the activity of the turbidity currents at the edge of 

the Mafate turbidite system is reconstructed for the period extending from the present 

to the Last Glacial Maximum. Results of this study are discussed in the light of 

previous researches that invoke several controlling factors triggering turbidite activity 

along the flanks of volcanic edifices. 

 

2. Geology and geomorphology of La Réunion Island 

 

2.1. Geology 

La Réunion Island is an active shield-volcano located in the western part of the 

Indian Ocean, about 750 km east of Madagascar (Fig. 1). The island is a volcanic 

edifice formed by the present activity of the hotspot that formed the Deccan Trapps 

(65 Ma), the Mascarene Plateau (40 Ma), and Mauritius Island (8 Ma) (Duncan et al., 

1989). La Réunion Island is built on an isolated block of oceanic crust dated from 
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Upper Cretaceous to Paleocene (Oehler et al., 2008; Lénat et al., 2009b), bordered 

by two fracture zones, the Mauritius Fracture Zone on the eastern and the Mahanoro-

Wilshaw Fracture Zone on the western borders (Fig. 2). 

The emerged part of La Réunion Island only corresponds to 4% of the volume of the 

entire volcanic edifice, which is characterized by a diameter of about 240 km at its 

base and rises up to more than 7000 m above the abyssal plain. The morphology of 

La Réunion Island is dominated by two large juxtaposed basaltic shield-volcanoes, 

Piton des Neiges and Piton de la Fournaise (Fig. 2b). The Piton des Neiges (3070 m 

above sea level) occupies the northwestern part of the island. Its activity started 

before 2.4 Ma (McDougall, 1971; Quidelleur et al., 2010; Smietana, 2011) and 

stopped about 22 ka (Delibrias et al., 1986; Salvany et al., 2012). The oldest Piton 

des Neiges products (before 2.4 Ma up to 0.43 Ma) are basaltic in composition, 

dominated by olivine-bearing basalts and olivine-rich oceanites. They have been 

emplaced during periods of high effusion rate, corresponding to the shield-building 

stage of the volcano (Bachèlery and Villeneuve, 2013). The activity ended with the 

emplacement of more alkaline and differentiated products, ranging in composition 

from alkali basalts to quartz-bearing trachytes (Nativel, 1978; Gillot and Nativel, 1982; 

Haurie, 1987; Rocher, 1988a, 1988b, 1990; Bret et al., 2003). The inner part of the 

volcano is deeply incised by valleys and three major depressions called the “cirques” 

of Mafate, Salazie and Cilaos (Fig. 2). These appear to be formed by both volcano-

tectonic processes and intense tropical erosion (Oehler et al., 2004; Arnaud, 2005; 

Salvany et al., 2012). The active volcano of the Piton de la Fournaise is located in the 

southeastern part of the island. Its morphology is characterized by concentric caldera 

rims that open eastward to the sea, and three deep valleys cutting its flanks. The 

volcano mostly produces basaltic lava flows and fountains, with sometimes more 
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explosive, phreatic and phreatomagmatic explosions. Its activity is considered to 

have started about 0.4 - 0.45 Ma (Gillot and Nativel, 1989; Merle et al., 2010). A 

review of the main structural and volcanological features of Piton de la Fournaise 

volcano is presented in Lénat et al. (2012), while details on the submarine flanks can 

be found in Cochonat et al. (1990), Ollier et al. (1998), Lénat et al. (2009), and Saint-

Ange et al. (2013). 

 

2.2. Climate and hydrogeology 

La Réunion Island has a subtropical climate with two alternating seasons: a hot and 

wet austral summer and a dry and cold austral winter. Trade winds from the east 

induce varied precipitation regimes in time and space; the windward (eastern) side 

being dominantly wet (more than 5000 mm/yr of rain) while drier conditions prevail on 

the leeward (western) side. Erosion and sediment fluxes from the “cirques” of Mafate, 

Salazie and Cilaos are mainly driven by heavy rains and recurring tropical cyclones 

(Robert, 2001). 

The heavy rainfall and the volcanic nature of the island induce high erosion rates, 

estimated to be about 0.47 to 3.34 m ka-1 (Louvat and Allègre, 1997). Products of 

erosion are transported seaward by highly concentrated flows throughout a dense 

hydrological network comprising more than 750 temporal gullies and rivers (only 

twenty of which are perennial). For the “Rivière des Galets”, draining the “cirque” of 

Mafate (Fig. 2b), the flow rate, during episodic, highly energetic floods, is estimated 

to be about 2400 m3 s-1 (Join, 1991; Fevre, 2005) with a suspended sediment load of 

about 1920 mg l-1 (Louvat and Allègre, 1997). The erosion rates estimated by Louvat 

and Allègre (1997) are about 925 ± 280 mm ka-1. 
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2.3. Submarine flanks 

The MD 32 (1982), FOURNAISE 1 (1984) and FOURNAISE 2 (1988) pioneering 

surveys around La Réunion Island first revealed the morphology of the submarine 

flanks of the volcanic edifice (Averous, 1983; Lénat et al., 1989). Since these pioneer 

works, several studies characterized the structural and volcanological features on the 

submarine flanks of the volcanoes. Many of them focused on mass-wasting features 

produced by fast-running debris avalanches and submarine slope instabilities (Lénat 

and Labazuy, 1990; Ollier et al., 1998; Lénat et al., 2001, 2009a; Oehler et al., 2004). 

Oehler et al. (2008) listed 47 collapse events whose products are grouped into four 

main bulges around the island, separated by large submarine canyons. Recently, Le 

Friant et al. (2011) proposed that the submarine flanks of the Piton des Neiges are 

mainly affected by slow deformation and spreading, leading to secondary submarine 

slope instabilities and unconfined turbidity currents. These unconfined turbidity 

currents are supposed to be a major driver for the development of large sediment 

waves surrounding the island. In this paper, we use the term "mass-wasting deposit" 

to describe the chaotic formations found on the submarine flanks of the island (i.e., 

catastrophic debris avalanches, secondary submarine slope instabilities or structures 

produced by slower deformation processes), and acting as substrates for later 

turbidity currents. 

Since the results of cruises FOREVER and ERODER 1 in 2006, and ERODER 2 in 

2008 were analysed, most of the canyons surrounding the volcanic edifice were 

interpreted as the upper parts of large turbidite systems linked to the subaerial 

hydrographic network and more particularly to rivers draining the “cirques” (Saint-

Ange, 2009). Five main deep-sea fans have been identified and named around La 

Réunion Island: Mafate, Saint-Denis, Salazie, Saint-Joseph, and Cilaos (Fig. 2). 
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The Cilaos deep-sea fan is the largest volcaniclastic turbidite system off La Réunion 

Island. It is more than 250 km in length, covers an area of about 15 000 km2 and 

extends up to 4500 m water depth (Saint-Ange, 2009; Sisavath, 2011; Sisavath et al., 

2011). The fan can be divided into proximal and distal parts. The proximal fan is 

composed of elongated bodies (topographic lobes), whose morphology appears 

related to the pre-existing seafloor topography, i.e., the presence of high volcanic 

ridges at the base of the submarine flanks. The sedimentation in this area is 

characterized by coarse sandy turbidites (Sisavath et al., 2011). The distal fan is 

characterized by elongated lobes, extending via narrow channels from the proximal 

fan. Based on study of sediment cores and shallow seismic data collected here, the 

shallow stratigraphy comprises a succession of fine sandy turbidites covered by a 

thick clay layer. Interpretation of the stratigraphic data (from cores) during the last 

climatic cycle, suggests that frequent turbidity currents have coincided with periods of 

low activity of effusive volcanism and high erosion of the terrestrial drainage network 

(Sisavath et al., 2012). 

 

3. Materials and methods 

 

3.1. Dataset 

The dataset used in this paper was collected during five oceanographic cruises (Fig. 

3): FOREVER (2006) onboard the R/V L’Atalante, ERODER 1 (2006) onboard the 

NHO Beautemps/Beaupré, ERODER 2 (2008) onboard the R/V Meteor, ERODER 3 

(2010) and ERODER 4 (2011) onboard the R/V Marion-Dufresne.  

Bathymetry and backscatter sonar images were acquired with EM12 dual multibeam 

sounder during FOREVER cruise (-90 to -5602 m of water depth, frequency 12 kHz, 
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162 beams with 1.8°×3.5° angular resolution, DTM grid at 150 m, backscatter grid at 

100m) and with EM120 dual multibeam sounder during ERODER 1 and 2 cruises (-

91 to -5717 m of water depth, frequency 12 kHz, 192 beams with 1°×1° angular 

resolution, DTM grids at 50 m, backscatter grids at 25 m and 20 m in ERODER 1 and 

2 data respectively). High-resolution sonar images (pixel size 3x3 m) were acquired 

during ERODER 3 cruise, using the TOBI deep-towed side-scan from the National 

Oceanography Centre, Southampton (side-scan sonar frequency 30.37 kHz, pulse 

length 2.8 ms, array length 3 m, output power 600 W each side, 3 km range each 

side, beam pattern 0.8 x 45° fan). The submarine surfaces of the Mafate complex 

range from high reflectivity (black) to low reflectivity (white) (Fig. 2a). Based on 

Unterseh (1999) and Baltzer et al. (2000) acoustic imagery analysis and 

interpretations, and as verified through bottom sampling along the Cilaos turbidite 

system (Sisavath et al., 2011), high reflectivity is related to heterogeneous coarse 

products (blocks, pebbles, gravels) such as those found on land in rivers, and low 

reflectivity to fine sand and muddy-sand. The homogeneous grey areas are 

interpreted to contain hemipelagic sediment. The mass-wasted deposits show 

speckle patterns (black specks on grey background) due to blocks covered by 

hemipelagic sediment. 

Seismic reflection profiles were acquired around La Réunion Island during the 

FOREVER cruise using two GI guns deployed at 6 m depth with volumes of 45/45 

inch3 (band pass filter between 10 and 130 Hz) and 105/105 inch3 (band pass filter 

between 8 and 90 Hz) and a 24 channel streamer from IFREMER (inter-channel 12.5 

m). Penetration is up to 1.5 s TWT (two-way travel time), vertical resolution is 5 m 

and horizontal resolution is 25 m. Seven profiles have been interpreted for the study 

of the two turbidite systems, and two of them are presented in this article. 
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Two Küllenberg piston cores (KERO-07 and KERO-20) collected along the Mafate 

turbidite system during ERODER 2 have been studied (Table 1, Fig. 3). A 

complementary Calypso core MD11-3342 collected in the distal part of the complex, 

on the abyssal plain, during the 2011 ERODER 4 cruise has been also taken into 

consideration (Table 1, Fig. 3). 

 

3.2. Core processing 

The sediments were described in all three cores KERO-07, KERO-20 and MD11-

3342. XRF measurements were acquired every centimetre for each core (at 10 and 

30 kV) using an Avaatech XRF Core-Scanner. The core physical properties (density, 

magnetic susceptibility and P-wave velocity) were also measured with a Multi Sensor 

Core Logger (MSCL). KERO-07 and KERO-20 were sampled for grain-size analysis 

using a Coulter laser micro-granulometer. 

Fifty-nine samples have been collected along core KERO-07 for oxygen isotope 

analyses. Sediment samples were dried and sieved with water using a 125-μm mesh. 

Small batches of monospecific planktonic foraminifera Globigerinoides ruber were 

picked, and specimens were heated under vacuum at 375 °C for 1/2 h to remove 

organic contaminants. Using a common 100% phosphoric acid bath at 90 °C, 20–50 

μg of sample were reacted and analysed using a GV Isoprime isotope ratio mass 

spectrometer. Isotope values are reported in delta notation relative to Vienna Peedee 

belemnite (Gonfiantini, 1984; Coplen, 1994). Repeated analyses of a marble working 

standard (calibrated against the international standard NBS-19) indicate an accuracy 

and precision of 0.1‰ (1σ). 

Five AMS radiocarbon dates were also obtained in cores KERO-07, KERO-20 and 

MD11-3342 (Table 2). For each measurement, about 10 mg of G. ruber and G. 
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sacculifer were picked from the >125-μm fraction. The samples were analysed at the 

CEN Saclay, France (INSU Artemis program). Reported radiocarbon ages have been 

corrected for a marine reservoir effect of 400 yr and converted to calendar years 

using CALIB Rev 6.0.1 (Stuiver and Reimer, 1993). Calibrated thousand years before 

present will be referred as cal ka BP. 

 

4. Results 

 

4.1. Morphology of the Mafate turbidite complex 

The 115 km long and 80 km wide Mafate turbidite complex is composed of two 

coalescent-like fans (Fig. 3): the Mafate turbidite system and the Saint-Denis turbidite 

system. The Mafate turbidite system, located in the western part of the complex, is 

about 2500 km2. It is fed by the “Rivière des Galets” draining the “cirque” of Mafate 

catchment (about 108 km2). The Saint-Denis turbidite system covers an area of about 

2000 km2 and is located in the eastern part of the complex. It is supplied by two main 

rivers: “Rivière Saint-Denis” (catchment of about 29 km2) and “Rivière des Pluies” 

(catchment of about 45 km2) and several smaller gullies (Figs. 3, 4). On the 

submarine upper slope, “La Montagne” volcanic massif forms a topographic high 

separating the two turbidite systems. Along the lower slope, canyons extend into two 

valley-like structures presenting channelized erosional features (Figs. 3, 4). These 

valleys enlarge downslope, leading to the broad and smooth areas of the abyssal 

plain. Two large sediment wave fields are also included in the complex: the first one 

on the western side of the Mafate turbidite system (western field) and the second one 

between the Mafate and the Saint-Denis turbidite systems (eastern field) (Fig. 3). The 

seabed in the bathymetry data around the turbidite systems is rugged and interpreted 
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as large mass-wasting deposits. They form the main part of the submarine flanks of 

the volcanic edifice, as described by Oehler et al. (2004, 2008) and Le Friant et al. 

(2011).  

Based on their morphological characteristics, the turbidite systems are divided into 

three morphological domains: canyons, valleys and distal areas (Figs. 3-5). In the 

upper part, canyons present a smooth floor and slopes ranging from 3° to 13°. The 

Mafate turbidite system is fed by a wide canyon (about 3 km wide and more than 500 

m deep) connected to the large “Rivière des Galets” delta (about 14 km wide and 6.5 

km long), directly connected to a wide and smooth canyon head through a 10 km 

wide and smooth canyon head (canyon “a” in Figs. 3-5). The Saint-Denis turbidite 

system is fed by five canyons (canyons “a’ ”, “b”, “c”, “d” and “e” in Figs. 3-5). Three 

small canyons are visible west of La Montagne Massif, each less than 1 km wide and 

about 200 m deep. One of them is connected to the Mafate canyon at about 2000 m 

depth (canyon “a’ ”) and two other directly to the shelf, fed by several small gullies 

(canyons “b” and “c”). East of La Montagne Massif, the main canyon is connected to 

the “Rivière des Pluies” and the “Rivière Saint-Denis”, and to several small gullies 

(canyon “d” in Figs. 3-5). This canyon is about 2 km wide and 300 m deep. The most 

easterly canyon is smaller (about 2 km wide and 100 m deep), connected to the shelf 

and fed by small gullies (canyon “e” in Figs. 3-5). Other canyons, apparently 

disconnected from the modern river network on land, can be observed in the mass-

wasting deposits (Fig. 6). Downslope, along the channels, the slope gradient 

decreases to approximately 2° (Fig. 5). The transfer axes become less incised (less 

than 100 m deep) and wider (from 5 km wide at the slope break, respectively at 2000 

and 2500 m along both Mafate and Saint-Denis turbidite systems, to more than 15 

km between the sediment wave fields). The channel areas are characterized by a 
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floor rougher than in the canyons (Figs. 3, 4), showing blocks and marked, especially 

along the Mafate system, by braided channels (about 12 km long, 800 m wide and 20 

to 30 m deep, Fig. 4c, profile 1) and dunes (wavelength ranging from 500 m to 1.5 km 

and height from 10 to 40 m, Fig. 4c, profile 2). At the terminations of the channel 

areas, the transfer axes broaden and become smooth (of low relief). 

The two turbidite systems show different slope profiles (Fig. 5). Similar to most 

continental slope channels, the Mafate turbidite system presents a smoothly 

concave-up profile. Conversely, the Saint-Denis turbidite system shows an unusual 

convex segment at the canyon/channel transition, between approximately 40 and 70 

km from the coast (Fig. 5b). This “large bump” is particularly visible along the canyon 

“a’ ” that presents a rough floor with many small-scale irregularities tens of meters 

high (Figs. 4, 5).  

The sediment wave field that separates the Mafate and the Saint-Denis turbidite 

systems, covering an area of ~850 km2 with a 0.2° slope gradient, is about 30 km 

long and 30 km wide at its widest end at 4400 m of water depth. The sediment-wave 

amplitude decreases downslope from more than 80 m to 10 m, and their wavelengths 

decrease downslope from about 5 km for the shallowest sediment waves to less than 

2 km for the deepest ones. Wave crests are roughly parallel to bathymetric contours. 

The sediment wave field bordering the western side of the Mafate turbidite system is 

about 30 km long and covers an area of about 700 km2. It presents similar 

morphological characteristics to the eastern field, showing decreasing wavelength 

downslope (from about 4 km for the shallowest sediment waves to less than 2 km for 

the depest ones), decreasing wave height (from more than 70 m to 10 m) and wave 

crests roughly perpendicular to the maximum slope. In this field, the wave crests 
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appear less continuous and smoother than in the eastern field where they are very 

regular. 

 

4.2. Surface sediment distribution of the Mafate turbidite complex 

High-resolution EM120 backscatter data (Fig. 6a, b) combined with small-scale 

sedimentary features imaged by TOBI side-scan sonar (Fig. 7a-c) provide detailed 

views of the channel floors and information interpretable in terms of near-surface 

(first meter) sediment type and grain-size. The high backscatter of the canyon floors 

is interpreted as coarse material (blocks, pebbles, gravels) (Fig. 6a). The canyon 

feeding the Mafate turbidite system and the canyon connected to the “Rivière des 

Pluies” and belonging to the Saint-Denis turbidite system are highly reflective. The 

other canyons feeding the Saint-Denis turbidite system present lighter backscatter 

tones, as do some of the disconnected canyons visible on the large bulges of mass-

wasting deposits. Moreover, the canyon “a’ ” (Figs. 3, 5) between the Mafate and the 

Saint-Denis turbidite systems presents a different acoustic facies: lighter, speckled 

and disturbed, similar to the bordering mass wasting deposits. In this area, the 

sedimentary features imaged by the TOBI side scan sonar show a high backscatter 

and narrow canyon bypassing the adjacent submarine chaotic area ( “landslide 

deposits” in Fig. 7b).  

In the valley axis, backscatter data highlight the channel networks. The channels are 

braided in the Mafate valley (Figs. 6b, 7a) and straighter, with a slightly radiating 

“plume-like” distribution, in the Saint-Denis valley (Figs. 6b, 7c). Except for a dark 

curved feature at the northern end of the Mafate turbidite system (“distal channel” on 

Fig.6a) that suggest the presence of coarser material, these channels end up about 

70 km from the island, close to the sediment wave fields. In both turbidite systems, 
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depositional bedforms are visible between the channels and present low-reflectivity 

facies (light grey tone). Small sediment waves are observed in the Mafate and the 

Saint-Denis turbidite systems and are more numerous in the Mafate valley. Some 

scours and erosional feature (washed-off areas or scarps) are also visible along the 

Mafate channels but are not observed along the Saint-Denis channels (Fig. 7a, c).  

The distal parts of both turbidite systems, which are flat and homogeneous on the 

bathymetric map, are characterized by low-reflectivity facies (white areas) related to 

sandy deposits (Fig. 6a). These acoustic facies spread out in the valley main axis 

and between the sediment waves. The sediment wave fields show alternating high 

and low backscatter. The lithological nature of dark grey areas located on the stoss 

sides of the sediment waves is interpreted as coarser sediments compared to the lee 

sides facies appearing in grey. Two secondary small sediment wave fields are also 

visible on to the backscatter map. The first one is located in the distal part of the 

Mafate turbidite system and the second one to the east of the Saint-Denis turbidite 

system (Fig. 6). In these fields, sediment waves are less regularly organized and 

have lower amplitudes than in the two main sediment wave fields. 

 

4.3. Seismic architecture of the Mafate turbidite complex 

Seismic reflection profiles reveal the vertical organization of sedimentary units 

observed along the turbidite systems. Seismic facies are classified based on the 

signal continuity, amplitude and organization (Fig. 8). 

Mass-wasting deposits occupy a large volume on the flanks of the island. They are 

characterized by chaotic seismic facies with discontinuous, disorganized and 

variable-amplitude reflectors (Fig. 8). These mass-wasting deposits can be divided in 

two subgroups. The first unit (in dark green on the interpreted profiles of Fig. 8) 
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presents very chaotic facies and sometimes comes out at the surface outcrops, 

forming an irregular sea-floor surface. The second unit (in light green) is slightly more 

organized, with a roughly irregular surface covered by a sediment layer.  

Channels (in purple on the interpreted profiles of Fig. 8) present no levees. They 

incise the mass-wasting deposits and are characterized by shallow and high-

amplitude reflectors. In the distal part of the turbidite systems, the channel relief 

decreases, and only a superfical incision indicates the small channels supplying the 

distal lobes, such as one north of the Mafate turbidite system that intersects the 

seismic profile 02 close to the shot 2100 (Fig. 6) and located by a black arrow on the 

seismic profile 02 (Fig. 8).  

Continuous and horizontal reflectors characterize the distal sediment deposits. Some 

of them are strong (high amplitude) and are organized in lenses, suggesting that they 

correspond to depositional lobes of turbidite systems (marked in pink on the 

interpreted profiles of Fig. 8). Other continuous reflectors show lower amplitude 

seismic facies, and form thick layers in the deepest parts of the seismic profiles (in 

red on the interpreted profiles of Fig. 8). Based on correlations with the sediment 

cores, they are assumed to be dominated by hemipelagic sediments interstratified 

with rare and thin turbidites. A thick seismic unit (the pre-avalanche deposit, 

represented in yellow in Fig. 8), with very continuous reflectors, can also be identified 

below the mass-wasting deposits and hemipelagic-dominated sediments.  

The seismic data below the sediment waves (in blue on the interpreted profiles of Fig. 

8) present high-amplitude and continuous reflectors, and downlapping terminations. 

They set up on the surface heterogeneities of the mass-wasting deposits (Fig. 8). 

The sediment waves present high amplitudes and long regular wavelengths in the 

proximal part (profile 21 on Fig. 8). They become smaller and less regular downslope 
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(profile 02 on Fig. 8). The stoss side of sediment waves (profile 21 on Fig. 8) 

presents a lower gradient than the lee side. 

 

4.4. Sedimentological facies 

In the three cores collected along the Mafate turbidite system, turbidites are 

characterized by normally-graded volcaniclastic deposits ranging from fine sand to 

silt, containing fragments of basalt, glass shards, olivine, pyroxene and reworked 

foraminifera and clays (Table 1, Fig. 3). 

The sedimentological description and grain-size analysis of KERO-07 core show a 

lithological succession dominated by silty-clay and silt (Fig. 9a). The base of KERO-

07, from 332 to 272 cm bsf (below sea floor), is mainly of silty-clay sediments. 

Between 272 and 260 cm bsf, sediments are mainly composed of silty to silty-clay 

with small clay beds. From 260 - 183 cm bsf, two silty turbidites occur (from 216 - 210 

cm bsf and from 196 - 183 cm bsf). From 182 - 134 cm bsf, the silty-clay deposits 

dominate, punctuated by small silty beds and a turbidite between 165 and 160 cm 

bsf. From 133 - 0 cm bsf, sediment is roughly homogeneous, with thick silty deposits 

and some silty-clay layers. 

KERO-20 core is dominated by volcanic sands (Fig. 9b). The base of KERO-20 is 

mainly made of silty-clay sediments with thin silty turbidites (affected by piston coring 

deformation) in the deepest section (490 - 400 cm bsf). A thick sandy deposit is 

identified between 370 - 350 cm bsf, showing parallel laminations. From 350 - 290 

cm bsf the core shows reworked deposits of medium grain-size sand in a silty-clay 

matrix. This disturbance in the deposits is assumed to be the result of small local 

mass movements during deposition or piston coring deformation. Except for a clay-

rich interval between 215 - 235 cm bsf, the entire section, from 290 - 190 cm bsf, is 
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filled by a turbidite deposit of coarse, normally-graded volcaniclastic sand, with the 

presence of mud clasts at the base of the sequence. The next upper 45 cm present 

an alternation of normally graded silty to very fine sandy turbidites on a silty-clay 

base, some of them showing parallel laminations. Between 144 - 90 cm bsf, a thick 

turbidite deposit is characterized by normally-graded accumulation from very fine 

volcaniclastic sand to silt above an erosive base. The top of KERO-20 (90 - 0 cm bsf) 

is composed of alternating silt-clay and silt turbidites. 

The MD11-3342 core is characterized by silty and silty-clay volcaniclastic beds 

alternating with hemipelagic clay intervals (Fig. 9c). The base of MD11-3342, from 

1889 - 1280 cm bsf, is composed of numerous thin silty layers alternating with 

hemipelagic clay. The turbidite deposits are mostly about 1 - 2 cm thick. Thicker 

turbidite beds, about 10 cm thick, have normal grading between 1452 - 1302 cm bsf 

and between 1889 - 1752 cm bsf. From 1280 - 850 cm bsf, intervals between the 

turbidite deposits increase. Turbidites are about 5 cm thick, and are composed of 

very fine sandy layers above an erosive base and grade to silty-clay at the top. The 

thickest turbidite bed is 75 cm thick (1100 - 1025 cm bsf) with laminations containing 

reworked foraminifera in the sandy unit and silty laminations at the top of the 

turbidite. From 850 - 770 cm bsf, the core presents silty disturbed lenses in a clay 

matrix. From 770 - 396 cm bsf, turbidite layers frequency increases again. The 

sequences are about 5 - 15 cm thick, presenting normal grading, erosive bases, and 

sparse horizontal laminations at the top. Between 396 - 359 cm bsf, a thick turbidite 

deposit consists of volcaniclastic fine sand above an erosive base, overlain by 

normally graded and laminated silty-clay layers. From 300 - 0 cm bsf, turbidites 

thinner than 5 cm are numerous. 
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4.5. Oxygen isotopic stratigraphy, 14C dating and Ca correlations 

KERO-07 is the core presenting the most hemipelagic and continuous sedimentation. 

The KERO-07 δ18O curve (Fig. 9a) shows heavy δ18O values at about -0.5 ‰ PDB in 

the lower part of the core. A rapid decrease of the δ18O signal is observed between 

300 - 225 cm bsf, with values falling from -0.5 to -2.0 ‰ PDB. The upper part of the 

core (from 225 - 1 cm bsf) presents light values between -2 and -1.5 ‰ PDB, with a 

maximum of -1.62 ‰ at 220 cm bsf. 

Peaks and troughs of this oxygen isotope record were correlated with the isotopic 

signal published by Fretzdorff et al. (2000) for the first 80 cm of the core S17-666, 

which was recovered on the mass-wasting deposits west of the Mafate turbidite 

complex (Figs. 3, 10a). The KERO-07 δ18O record has been also correlated to the 

δ18O EPICA Dome C record (Parrenin et al., 2007) (Fig. 10a). The late Quaternary 

(Marine Isotope Stage 2) corresponds to the light δ18O values (about -56 ‰) between 

25 and 18 ka, followed by a lightening of these values (up to -50‰) during the 

glacial-interglacial transition (18 to 11.5 ka). The Holocene is indicated by stable δ18O 

values (between -51 and -49 ‰) from 11.5 ka to the present (MIS 1) (Fig. 10a). 

The KERO-20 stratigraphy was indirectly established by correlating XRF Ca 

variations measured on both KERO-07 and KERO-20 cores (Figs. 9, 10b). These 

correlations, supported by three radiocarbon dates (two in KERO-07 and one in 

KERO-20), show that KERO-07 and KERO-20 cores record deposition covering the 

last 25 ka and 23 ka respectively (Fig. 10). Based on this age model, the 

sedimentation rates observed in the Mafate turbidite system appear highly variable, 

ranging in the hemipelagic sediments from 2 - 24 cm/ka for KERO 07 (average rate: 

12 cm/ka) and from 5 - 40 cm/ka for KERO 20 (average rate: 11 cm/ka) (Fig. 11). The 

turbidite activity increases these rates up to a maximum of 334 cm/ka for KERO 07 
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and 844 cm/ka for KERO 20 in the thickest turbidite deposits, with respectively 

average rates of 14 and 22 cm/ka. Considering the average hemipelagic 

sedimentation rates in both cores and the δ18O sampling interval, the accuracy of the 

age model is estimated at ± 454 years 

 

5. Discussion 

 

5.1. Architecture and sedimentary processes of the Mafate complex 

The Mafate and Saint-Denis turbidite systems are divided in three parts: canyons, 

channels and depositional distal lobes, in agreement with subdivisions established 

for the Cilaos turbidite system, on the southern submarine flank of La Réunion Island 

(Saint-Ange et al., 2011; Sisavath et al., 2011). Canyons are characterised by a 

smooth floor and a high-reflectivity facies corresponding to coarse and 

heterogeneous material (pebbles and m-scale blocks as observed in the rivers on 

land) and testifying to intense erosional processes. Channels, revealed by the TOBI 

images (Fig. 7), are poorly incised and do not present levees. They channelize the 

sandy turbidity flows and are floored by coarse stacked sand or gravel, and probably 

finer facies on the sides forming bedforms and small sediment waves. The 

disappearance of the channels at some distance from the coast may imply the end of 

coarse material being at the surface of the sea floor, and possibly the end of high 

density turbidity currents. Alternatively, the distal channel floors may have simply 

become draped with finer sediment that absorbs the acoustic signal. The occurrence 

of the erosional features, such as channels, gullies and scours, suggests a decrease 

of erosion downslope. Depositional lobes constitute the majority of turbidite deposits 

and mostly correspond to thick sandy and silty residual sediments, as observed in 
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KERO-20. Part of this material spreads in the sediment wave fields and participates 

in the sediment wave growth, but also over the abyssal plain as observed within core 

MD11-3342. The extension of the largest turbidites exceeds the lobe limits defined by 

the white areas on the backscatter images. These areas probably correspond to the 

limit of thickest sandy facies. 

The morphological analysis suggests that a connection between the Mafate and 

Saint-Denis turbidite systems has been active through a canyon located downslope 

of La Montagne Massif (canyon “a’ ”, in Fig. 7). In this area, the combination of a 

chaotic and high-relief slope profile (Figs. 4, 5) with a disturbed and poorly reflective 

acoustic facies (Figs. 6, 7b) allow us to interpret this zone as deposits from a 

submarine landslide (Fig. 6b), whose origin would be located up the canyon “a’ ”, as 

also suggested by Oehler et al. (2008). The extension of the landslide deposit area 

should correspond to the “large bump” (convex segment) observed along the Saint-

Denis turbidite system (Fig. 5). This submarine landslide has probably closed a 

paleo-canyon connecting the outlet of the “cirque” of Mafate watershed to the Saint-

Denis turbidite system. After this submarine landslide event, the turbidity currents 

generated near the “Rivière des Galets” mouth would have been deflected to the 

west, creating or enlarging the present Mafate turbidite system. This hypothesis is 

supported by the detailed sedimentary features imaged by the TOBI side-scan sonar 

showing a very dark and narrow canyon that bypasses the adjacent submarine 

landslide deposits (Fig. 7b). This abrupt change of canyon pathway likely 

corresponds to an avulsion episode. While these avulsions are common for turbidite 

channels, especially in large mature siliciclastic deep-sea fans (Damuth et al., 1988; 

Manley and Flood, 1988; Pirmez and Flood, 1995; Popescu et al., 2001; Droz et al., 

2003), they are relatively uncommon along canyons. In the case of the Mafate 
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turbidite system, the avulsion can be explained by the instability of the landslide 

deposits that form the very steep submarine flanks of the volcanic edifice. 

The high erosion rates in the “cirques” and rivers (Louvat and Allègre, 1997; Rad et 

al., 2007), and the dense hydrographic network of La Réunion Island, allow the 

transport of large amounts of volcaniclastic products to the submarine flanks of the 

island, particularly during cyclonic rainfalls. The straight connection between the 

hydrographic network and the canyon heads suggest a strong influence of the 

onshore erosional processes and climatic events in the feeding of the Mafate and 

Saint-Denis turbidite systems. Considering the models of Krastel et al. (2001) and 

Mitchell et al. (2003) for the Canary Islands, sedimentary transfer in such settings 

occurs as hyperpycnal flows. In La Réunion, this hypothesis has been illustrated by 

the continuity from fluvial axis to submarine canyon heads in the Cilaos turbidite 

system (Babonneau et al., 2013), and the hyperpycnal flows identified as the main 

processes of sediment transfer in the submarine canyons (Saint-Ange et al., 2011, 

Sisavath et al., 2011). The Mafate turbidite system, which presents a large watershed 

connected to a wide and smooth canyon head, is likely the seat of a similar direct 

activity. In addition, turbidite flows are probably generated from the sediments 

deposited progressively at canyon heads or on the narrow shelf during smaller floods 

that become unstable and fail when a loading threshold is reached. It is difficult to 

estimate if these flows have enough energy to carry on through the canyons and 

reach the distal areas. If not, they might induce successive accumulations of 

sediments in the proximal areas until again the loading threshold is reached.  

Morphological and sedimentological data (dimensions of the watersheds, transfer 

axes and depositional areas, development of the channel network, presence or 

absence of erosional features, etc) can also be used to compare the contrasting 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23 
 

activity of the two turbidite systems of the Mafate complex. The large watershed of 

the Mafate turbidite system (108 km2), combined with the high erosional and 

sediment flow rates from the “Rivière des Galets”, leads to direct and strong transfers 

of large amounts of coarse material in the wide and deep Mafate canyon. The 

absence of sedimentary cover on the mud penetrator profiles collected along the 

Mafate complex (and not presented in this study) confirms its recent activity, as well 

as the numerous braided channels, erosional features and scours visible on 

backscatter data (Figs. 4, 6, 7) and the overflow turbidite deposits preserved in core 

KERO-07 (Fig. 9a). The catchment area of the Saint-Denis turbidite system is smaller 

(74 km2), and the “Rivière Saint-Denis” younger than the “Rivière des Galets” 

(Haurie, 1987; Arnaud, 2005). The dimensions of the Saint-Denis turbidite system are 

also smaller (about 2000 km2 vs. 2500 km2 for the Mafate turbidite system), with land 

to sea connections going through numerous small canyons. The “plume-like” 

channels and erosional features are less developed than in the Mafate turbidite 

system (Figs. 6, 7). Nevertheless, the very deep, large and filled channel visible in 

Fig.8, Profile 21, shots 500-300 might be the relict of a past strong activity of the 

Saint-Denis turbidite system, before the submarine landslide closed its connection 

with the “cirque” of Mafate watershed. The creation of the present Mafate turbidite 

system should therefore be responsible for a decrease of the Saint-Denis turbidite 

activity and a filling of its distal channels. Thus, the sedimentary processes seem less 

strong in the Saint-Denis turbidite system than in the Mafate turbidite system and its 

present activity mainly concentrated in the “Rivière des Pluies” canyon where the 

EM120 data show the highest backscattering.  

Cores KERO-07 and MD11-3342 are not directly located in the turbidite complex 

identified from the interpretation of seismic and backscatter data. Core KERO-07 is 
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located in the proximal submarine slope, outside of the canyon, and core MD11-3342 

is located in the abyssal plain outside of the depositional lobes. The presence of 

turbidites in both cores suggests that the turbidite systems are not restricted to the 

mapped systems but are instead spread more widely across low angle abyssal 

slopes. The largest turbidity flows probably exceed the mapped limits. As shown by 

the core KERO-07 (Fig. 9a), fine-grained turbidites are identified on the edge of the 

canyon. Given the incision height (400 m) of the Mafate canyon near the core and 

the muddy (silty-clay) facies of turbidites, the turbidite record of core KERO-07 might 

correspond to the canyon overflow of the largest turbidity currents initiated in the 

Mafate canyon head. In the distal basin, the numerous silty and sandy beds 

described in MD11-3342 core (about 25% of the whole core lenght, Fig. 9c) show 

that volcaniclastic deposits spread far over the abyssal plain. These turbidite 

deposits, located outside of the white areas identified from the backscatter images, 

could be the result of: (1) widespread turbidity currents from the Mafate turbidite 

system, and correspond to the distal sedimentary record of the largest turbidite 

events, (2) turbidity currents generated in short canyons located in the submarine 

slope at the southwest of the Mafate canyon without a direct sediment feeding from 

the coast. 

 

5.2. Mass-wasting deposits and the origin and development of sediment waves 

Oehler et al. (2008, 2004), state that the chaotic terrains forming the major part of the 

submarine flanks of La Réunion Island are debris avalanche deposits resulting from 

large collapses of the volcano flanks, usually with a subaerial source area, and 

sometimes with a submarine source area. According to Le Friant et al. (2011), these 

chaotic deposits at Piton des Neiges are not the result of large flank landslides but 
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the consequence of small superficial landslides or slow sediment deformation in 

response to the spreading of La Réunion volcanic edifice. Whatever their origin, 

rough and chaotic terrains constitute large and chaotic units (Figs. 3, 7) on which 

density currents propagate. 

The KERO-20 core (Fig. 9) indicates that sediment waves of the Mafate turbidite 

complex are mainly made up of fine sandy turbidites alternating with hemipelagic 

deposits. According to Wynn and Stow (2002), these landforms should therefore be 

classified as coarse-grained turbidity current sediment waves, but the dimensions of 

coarse-grained sediment waves described in the literature are much smaller, in both 

wavelength and amplitude (with wavelength up to 1 km and wave amplitude up to 10 

m), than those observed in the Mafate turbidite complex. The dimensions of the 

sediment waves of the Mafate turbidite complex are up to 5 km in wavelength and up 

to 80 m in amplitude. They are more in agreement with those proposed for fine-

grained turbidity current sediment waves, with wavelength up to 7 km and wave 

amplitude up to 80 m (Wynn and Stow, 2002). The seismic profiles acquired along 

the sediment wave field (Fig. 8) show underlying chaotic mass-wasting deposits that 

may explain these differences in size, by offering a setting which influence and 

increases sediment wave dimensions. Covering these large-scale pre-existing 

heterogeneities, sandy supply from the turbidity currents contribute to the formation 

and growth of large sediment waves (Lee et al., 2002). The thick hemipelagic 

intervals deposited between the sandy turbidite deposits (Bouma, 1962) might also 

provide a fine and cohesive material (clay or silty-clay) that contributes to increase 

the dimensions of the sediment waves (closer to fine-grained turbidity current 

sediment waves). The downslope decreasing size of the sediment waves may be 

related to a slowing down of the turbidity current (Normark et al., 1980), a reduction 
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of the sand components, and/or the decreasing heterogeneities of the underlying 

chaotic. 

The presence of isolated and active canyons on the submarine slopes, disconnected 

from the coastline, suggests the existence of other secondary gravity processes, 

independent from the turbidite complex activity. (Fig. 6). As suggested by Le Friant et 

al. (2011), the local erosion of the mass-wasting deposits leads to submarine 

destabilisations, and to the formation of unconfined turbidity currents on the 

submarine flanks of the island. This sediment supply might participate in the building 

of the sediment waves distributed at the toe of La Réunion edifice, covering the 

heterogeneities created by the mass-wasting deposits.   

The reflectivity contrasts in backscatter images between the wave sides and the 

asymmetric flanks of the sediment waves suggest fine and very fine sand (dark grey 

on the backscatter map) on the less developed stoss flank, and finer deposits with silt 

and silty-clay (light grey) on the more developed lee flank. Sediment profiler records 

in this area do not image the subsurface (presumably because of the sand), and 

cannot reveal migration of the sediment waves, but previous studies suggest that an 

upslope/upcurrent migration is probable (Lee et al., 2002; Wynn et al., 2002). 

 

5.3. Comparison between the Cilaos turbidite system and the Mafate turbidite 

complex 

While they both result from the Piton des Neiges volcano dismantling, the Mafate 

turbidite complex and the Cilaos turbidite system show contrasted morphologies. The 

two feeding areas of the Cilaos turbidite system (the “cirque” of Cilaos and the “Bras 

de la Plaine” river watersheds, both about 100 km2) merge into a unique and large 

deep-sea fan with depositional lobes divided by sub-parallel volcanic ridges (Saint-
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Ange et al., 2011; Sisavath, 2011; Sisavath et al., 2011). Conversely, the two feeding 

areas of the Mafate complex (the “cirque” of Mafate and the “Rivière des Galets” and 

“Rivière des Pluies” watersheds) feed the two independent turbidite systems of 

Mafate and Saint-Denis respectively. Both of them are smaller than the Cilaos 

turbidite system (15, 000 km2, 300 km long and 120 km wide for the Cilaos deep-sea 

fan and 7000 km2, 115 km long and 80 km wide for the entire Mafate turbidite 

complex) and present a more simple geometry with two depositional areas bordered 

by large sediment wave fields. The closure of the past connection between the 

Mafate and Saint Denis turbidite systems, and the resulting split in the sedimentary 

flux, should partly account for these smaller sizes, as both systems may not have yet 

reached the size and morphological maturity of the Cilaos turbidite system. 

By analogy with the study done on the Cilaos fan (Sisavath, 2011; Sisavath et al., 

2011), the very shallow penetration of mud-penetrator profiles and the samples 

collected in the turbidite deposits of the cores (volcanic sand, scoria, pyroxene, 

olivine and felspar debris, glass shards, etc) indicate that the Mafate complex is a 

sand-dominated system, even in its distal parts. For the Mafate, Saint-Denis and 

Cilaos turbidite systems, channel levee structures are absent, and the transfer axes 

directly incise the mass-wasting deposits. The very erosive and highly concentrated 

sandy debris flows might explain this particularity. 

 

5.4. Stratigraphy and controlling factors of the turbidite activity 

The sedimentation rates measured in KERO-07 and KERO-20 (Fig. 11) are higher 

than those previously calculated around La Réunion Island in S17-666, ranging from 

1.65-12 cm/ka (Fretzdorff et al., 2000) and in cores sampled in the Cilaos turbidite 

system, estimated to be a few cm/ka (Sisavath et al., 2011, 2012). This high range of 
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sedimentation rates could be explained by the core locations. Cores collected in the 

Cilaos fan are located far from the island at water depth deeper than 3500 m. They 

are poorly fed by detrital material, and can be partly affected by carbonate dissolution 

(as observed on foraminifera in Sisavath et al., 2012). KERO-07 core, sampled in a 

mini-basin at 800 m water depth, records fallout from river mouth plumes and 

overflows of turbidity currents, and probably the products of unconfined turbidity 

currents from the submarine slope of the volcano. KERO-20 core, collected closer to 

the active system and the depositional lobes, receives the largest amount of 

sediment. This core may be considered as the most representative of the Mafate 

turbidite system activity. 

Based on the stratigraphic models established for KERO-07 and KERO-20 cores, the 

approximated ages of the turbidite events can be estimated. The results suggest that 

turbidite events mainly occurred between 24 - 18 ka, and since 8 ka, plus two 

isolated events at about 14 and 12 ka (Fig. 12). 

Piton des Neiges volcano probably ended its activity about 29 to 22 ka ago (Gillot 

and Nativel, 1982; Delibrias et al., 1986; Kluska, 1997). A younger age of 12 ± 3 ka, 

obtained by the U-Th method on pyroclastic deposits (Deniel et al., 1992), was 

questioned by Salvany et al. (2012) as it does not correlate with ages obtained on the 

same deposits from other methods. Most of the turbidite activity of the last 25 ka 

observed in the Mafate turbidite system occurs after the end of the eruptive activity at 

Piton des Neiges volcano. This is consistent with the hypothesis proposed by 

Sisavath et al. (2012) observing the Cilaos activity record over the last 140 ka. During 

the Piton des Neiges volcanic activity, the turbidite activity stopped, due to the 

invasion of watersheds and rivers by lava and pyroclastic flows. Conversely, a 
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recovery of onland erosive processes, and an increase of the submarine sediment 

supply, is observed during volcanic quiescence phases.   

The turbidite activity of the Mafate system has been compared to a climate proxy: the 

branched and isoprenoid tetraether (BIT) index calculated for Lake Challa in 

equatorial eastern Africa (Fig. 12), which could be an indicator of the past climate in 

La Réunion Island as it also depends on monsoon rainfalls coming from the western 

Indian Ocean (Verschuren et al., 2009). This comparison reveals that the turbidite 

activity occurs during both dry and wet periods, with a slightly higher turbidite 

frequency during wet periods. The absence of a direct relationship between climate 

and turbidite activity is consistent with the rare ecosystem variations observed on 

Mauritius (200 km north of La Réunion) over the last 35 ka (De Boer et al., 2013), 

which might be the consequence of stable regional climatic conditions maintained by 

the permanent circulation of wet air masses over the Indian Ocean (Verschuren et 

al., 2009). 

The commonly accepted lowstand system tract model (Mutti, 1985; Posamentier and 

Vail, 1988; Weimer, 1990; Vail et al., 1991; Flood and Piper, 1997) assumes that the 

feeding of deep turbidite systems starts during a fall of sea level when rivers reach 

the outer continental shelf and entrench into the shelf edge. Turbidite systems 

increase to their maximum during the lowstand period, with sediments directly 

conducted to the deep-basin via canyons (Johannessen and Steel, 2005), and 

continue only until the start of the next sea-level rise. Conversely, during the sea-

level highstand, sediment supplies from rivers are stored on the shelf where space is 

available, and the deep sea fan is draped by hemipelagic sediments (Stow et al., 

1984; Damuth et al., 1988; Feeley et al., 1990). This model explains the activity of the 

Mafate turbidite system until 8 ka (i.e., frequent turbidite deposits until 18 ka during 
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the lowstand period and lack of activity between 18 - 8 ka as the sea level rises), but 

seems inconsistent with the deposits observed during the Holocene (Fig. 12).  

Alternative models were proposed for deep-sea fans in narrow shelf or extremely 

high supply settings (e.g., California Borderland, Gulf of Corinth, Mediterranean Sea, 

Lance-Fox Hills-Lewis system, Bengal Fan, Zaïre fan; see Ito and Masuda, 1988; 

Weber et al., 1997; Piper and Normark, 2001; Khripounoff et al., 2003; Carvajal and 

Steel, 2006; Covault et al., 2007). In these cases, the turbidite activity observed 

during sea level rise and highstand is supported by sediment supplies from littoral 

drift or rivers (normal or heavy loads), and transported through canyons extending 

almost to the shoreline or deltas crossing narrow shelves. The Mafate turbidite 

system brings together several of these criteria: narrow shelf which is 30 m wide in 

this area, direct sediment transfer from river to submarine canyons, high erosion 

rates on land and turbidite activity recorded throughout the Holocene, and could 

therefore easily display and record a permanent turbidite activity during volcanic 

quiescence phases. 

Assuming that our cores only record the largest events that can overflow the canyon 

wall and reach the distal areas, the Holocene turbidite activity of the Mafate turbidite 

system could be the consequence of: 1) direct large sedimentary transfers from river 

mouth to canyon head (e.g., during cyclonic floods), and/or 2) a rapid filling of the 

narrow shelf by sediments from land erosion (maybe through the building of the delta 

during the early Holocene), quickly reaching loading threshold and leading to large 

destabilisations recorded down to the distal parts of the turbidite system. In addition, 

two hypotheses might explain the lack of turbidite activity observed in the Mafate 

system between 18 - 8 ka: 1) the rapid sea-level variation that increases slope 

instability leading to more frequent but smaller and less powerful currents, rarely 
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preserved in the cores, and/or 2) a shift in the depositional area (lobe migration) 

farther from core KERO-20 and thus not recorded in our data.  

 

5.5. Flow modelling and perspectives 

Although the simulation of gravity flows is not the purpose of this study, the Mafate-

Saint-Denis turbidite complex, and on a larger scale all the turbidite systems around 

La Réunion Island, may represent valuable application in the field of flow modelling.  

The Mafate turbidite complex morphology is fairly simple, with feeding areas well 

identified and sedimentary supplies directly driven to the submarine canyons and 

channels without disturbances from other processes. Regarding to those elements, 

La Réunion Island and the Mafate turbidite complex appear relevant to help the 

building of flow models. In that perspective, the geophysical dataset collected along 

the Mafate turbidite complex could be used to calibrate and validate physics-based 

real two-phase mass flow models that simulate the mobility and run-out of submarine 

landslides, avalanches or turbidity currents, or the submarine wave propagation 

(Iverson, 1997; Iverson and Denlinger, 2001; Pudasaini et al., 2005). Among these 

real two-phase mass flow models that involve a mixture of solid particles and viscous 

fluids, the general mass flow model by Pudasaini (2012) extends to subaerial and 

submarine mass movements and also models erosional-depositional behaviour and 

dynamic strength weakening during motion (Pudasaini, 2014; Pudasaini and 

Krautblatter, 2014).  

After validation, this general mass flow models may be specifically applied to the 

Mafate turbidite complex to support some of our hypothesis. The flow modelling and 

simulation may help to better understand some aspects of this study that are hardly 

directly measurable from our data or generally in complex submarine environments 
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i.e., the extension of the turbidite deposits in the distal parts of the turbidite complex, 

the interactions between the turbidity currents and the mass-wasting deposits, the 

contrast between the Mafate and the Saint-Denis turbidite system activities, and the 

building and propagation of sediment waves.Flow modelling, especially through land 

to sea integrated studies, would also be of great interest in the evaluation of the 

geohazards and risks related to subaerial and submarine mass movements by 

providing information about the mechanics, dynamics and runout distances of such 

events, and predicting the volumes of material involved. 

 

6. Conclusions 

 

This study presents the first morphological description of the Mafate turbidite complex 

on the northwestern submarine flank of La Réunion Island. This complex is formed by 

two separate turbidite systems, the Mafate turbidite system and the Saint-Denis 

turbidite system. The Mafate turbidite system is fed by the “Rivière des Galets” 

draining the large watershed of the “cirque” of Mafate; whereas the Saint-Denis 

turbidite system depends on several rivers and gullies, the most important of them 

being the “Rivière des Pluies”. The direct connection between the hydrographic 

network and the canyons suggests that the sandy volcaniclastic sediment was 

carried by turbidity currents, probably through hyperpycnal flows, that depend on 

erosional processes on land. 

The two turbidite systems are divided into three main areas: the canyons area, the 

channels area and the depositional lobes. The morphological and sedimentary 

analyses, particularly the high resolutions backscatter data and TOBI side-scan sonar 

images, reveal that the Mafate turbidite system is more mature and active than the 
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Saint-Denis turbidite system. The surrounding large mass-wasting deposits, that form 

the main part of the flanks of the island, are incised by the deep canyons and the 

channel network of the two turbidite systems. Two sediment wave fields are 

associated with the turbidite complex, their waves developing on the chaotic 

substratum thank to the sedimentary supplies from the turbidity currents. 

The cores collected along the Mafate turbidite system support a stratigraphic model 

and offer an overview of the turbidite activity in this system during the last 25 ka. High 

turbidity current activity occurred after the end of the eruptive activity of the Piton des 

Neiges volcano, during a period of quiescence dominated by subaerial erosion. This 

turbidite activity, for what it can be witnessed by our sampling, does not appear to 

depend only on sea level but is more probably continuous as a result of the narrow 

shelf and the high erosion setting of the turbidite system. The sandy deposits 

recorded in our cores testify to this strong activity, but also highlight the existence of 

unconfined turbidity currents related to secondary instabilities affecting the mass-

wasting deposits. The volcaniclastic sediments carried by these currents are 

distributed on the submarine slope and over the abyssal plain even far from the 

turbidite complex. 
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Fig. 2. (a) Acoustic backscatter map of the seafloor around La Réunion Island, 

compiled from FOREVER and ERODER surveys, and location of the five 

turbidite systems: (1) Mafate, (2) Saint-Denis, (3) Salazie, (4) Saint-Joseph, (5) 

Cilaos. The dotted lines indicate the Mahanoro-Wilshlaw and Mauritius 

fracture zones. The white line corresponds to the - 4000 m isobath. (b) Closer 

view of the island. Onland are located the three “cirques” of Mafate (a), 

Salazie (b) and Cilaos (c) and the main rivers draining their watersheds. The 

dotted line separates the Piton des Neiges volcano (NW) and the Piton de la 

Fournaise volcano (SE). 

Fig. 3. Shaded relief bathymetric map compiled from FOREVER and ERODER 

oceanic surveys and the SHOM dataset for the shallow water sector 

(resolution 100 m), and interpretation of the main morphological features of the 

Mafate and Saint-Denis sedimentary systems. The thick black lines represent 

the overall extension on the Mafate turbidite complex. On land, blue outlines 

and numbers correspond to the main watersheds: (1) “cirque” of Mafate and 

Rivière des Galets, (2) Rivière Saint-Denis, (3) Rivière des Pluies. The 

hatched area corresponds to de “Rivière des Galets” delta. The canyons that 

feed the turbidite complex are identified by letters from “a” to “e”. Ship tracks: 

FOREVER cruise (yellow line), ERODER 1 cruise (green line) and ERODER 2 

cruise (red line). Red dots represent KERO-07, KERO-20 and MD11-3342 

cores sampled during the FOREVER and ERODER cruises and S17-666 core 

sampled during SO-87 cruise (after Fretzdorff et al., 2000). Black boxes “A” 

and “C” correspond to the location of the detailed morphological map 

presented in the Fig. 4. 
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Fig. 4. Detailed slope gradient maps of the Mafate turbidite complex and their 

interpretation, compiled from FOREVER and ERODER oceanic surveys and 

the SHOM dataset for the shallow water sector (resolution 100 m). The data 

are shown with high slopes in black. The locations of the three zones shown in 

Fig. 3: (a) Shallow water sector, canyons heads of the Mafate and Saint-Denis 

turbidite systems. (b) Mafate canyon deflection and adjacent landslide 

deposits. (c) Channels and erosional features along the Mafate turbidite 

system. On the right are presented the two bathymetric profiles crossing the 

channels and dunes. The main watersheds and canyons are respectively 

identified by numbers from “1” to “3” and letters from “a” to “e” as in Fig. 3. The 

hatched area corresponds to de “Rivière des Galets” delta. 

Fig. 5. (a) Schematic map of main areas of the Mafate and Saint-Denis turbidite 

systems and location of slope profiles. (b) Mafate (in black), Saint-Denis (in 

grey) and connection area (in red) slope profiles and gradients. The canyons 

that feed the turbidite complex are identified by letters from “a” to “e” as in 

Figs. 4,5. 

Fig. 6. (a) Backscatter map of the Mafate turbidite complex, compiled from 

FOREVER and ERODER 1 & 2 surveys. (b) Interpreted geomorphological 

map representing the superficial architecture of the Mafate and Saint Denis 

turbidite systems. The division of canyons, channels, sediment waves and 

submarine landslide in sub-units highlights the contrasts in surface sediment 

distribution with darker tones associated to coarser material (high reflectivity) 

and lighter tones to finer material (low-reflectivity). The two seismic profiles 

crossing the Mafate and Saint-Denis turbidite systems are represented by the 

numbered black lines, the numbers corresponding to the shot points. Black 
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boxes correspond to the location of the TOBI images presented in the Fig. 8. 

On land, blue outlines correspond to the main watersheds named in Fig. 3. 

Fig. 7. Detailed sedimentary features imaged by the TOBI side-scan sonar 

superimposed onto the EM120 backscatter map in the Mafate turbidite 

complex (the white line being an artifact that marks the limits of the acquisition 

areas). The data are shown with high backscatter in black. The locations of the 

three zones shown in Fig. 7b: (a) Braided channels, sandy-bars and erosional 

features along the Mafate turbidite system. (b) Mafate canyon deflection and 

adjacent landslide deposits. (c) “Plume-like” channels along the Saint-Denis 

turbidite system. 

Fig. 8. Interpretation of two seismic profiles crossing the Mafate and Saint-Denis 

deep-sea fans (locations on Fig. 6b). Profile 21 crosses the median part of the 

Mafate turbidite system and the distal lobe of the Saint-Denis turbidite system; 

profile 02 crosses the distal part of the Mafate deep-sea fan. Black boxes 

correspond to the zoom locations. Black arrows localise the supplying channel 

that intersects the seismic profile 02 close to the shot 2100 north of the Mafate 

turbidite system. MWD: mass-wasting deposits. 

Fig. 9. Photography, lithological description, grain size variability and δ18O 

measurements (when available) of (a) KERO-07, (b) KERO-20 and (c) MD11-

3342 cores. Black lines correspond to the location of turbidite deposits. Red 

dots indicate the location of 14C datings and the corresponding ages. Grain 

sizes range from clay (C), clayey-silt (CS) and silt (S) to very fine (vf), fine (f), 

medium (m) and coarse (c) sand. 

Fig. 10. (a) KERO-07 δ18O stratigraphy (black curve) anchored by two 14C dates 

(black dots), calibrated with the EPICA Dome C δ18O age model (light grey 
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curve) (after Parrenin et al., 2007) and S17-666 δ18O record (dark grey curve) 

(after Fretzdorff et al., 2000) for the last 25 ka. (b) KERO-07 (black) and 

KERO-20 (grey) Ca XRF curves for the last 25 ka and 14C datings (black dots). 

Fig. 11. Sedimentation rates observed in hemipelagic sediments for cores KERO 07 

(black line) and KERO 20 (grey line) for the last 25 ka. 

Fig. 12. (a) Relative sea-level curve and meltwater pulses (MWP) (from Alley et al., 

2005) and BIT index records (green line) of Lake Challa in equatorial East 

Africa (from Verschuren et al., 2009) for the last 25 ka. (b) Number of 

turbidites per 1 ky recorded in KERO-07 (blue) and KERO-20 (red). 
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Table 1.  

Name Type Latitude Longitude 
Depth 

(m) 
Length 

(cm) 
Location 

KER0-07 
Küllenberg  
Piston core 

20 °53.59 S 55 °12.19 E - 791 332 
Terrace close to the Mafate 

canyon head 

KERO-20 
Küllenberg 
Piston core 

20 °16.68 S 54 °54.45 E - 4317 490 
Mafate distal area, western 

sediment wave field 

MD11-3342 
Calypso 

Piston core 
20 °19.96 S 54 °34.76 E - 4448 1889 Abyssal plain 
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Table 2.  

Lab code Core 
Depth            

(cm bsl) 
AMS 14C 
age (yr) 

AMS 14C  
age (-400 yr) 

Calendar age  
(cal yr BP) 

SacA 24239 KERO-07 229 8755 ± 40 8355 9436 ± 40 

SacA 21880 KERO-07 274 16110 ± 50 15710 18834 ± 50 

SacA 29352 KERO-20 473 18440 ± 100 18040 21507 ± 100 

SacA 26339 MD11-3342 75 9170 ± 45 8770 9979 ± 45 

SacA 27554 MD11-3342 150 12650 ± 50 12250 14106 ± 50 
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