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A B S T R A C T   

Several drifts of different types and sizes are identified near the northern exit of the Vema Channel, within the 
projects Neogene-Quaternary contourites of the Central and South Atlantic and Lateral sedimentation in the deep ocean 
(on the examples from the Central and South-Western Atlantic). Herein, we discuss new results of a multidisciplinary 
study of sixteen sediment cores and high-resolution sub-bottom (seismoacoustic) profiles, to address the impact 
of Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water (AABW) passing through the Vema 
gateway on contourite accumulation and erosion. To the west of the northern exit from the Vema Channel, an 
anticyclonic gyre of LCDW is instrumental in the development of contourite drifts and sediment waves. The 
contourite origin of generally silty terrigenous sediments in the Santa Catarina Plateau – São Paulo Plateau area 
is ascertained by both morpho-seismic and sedimentary characteristics. Sedimentary features include: a lack of 
primary sedimentary structures and pervasive bioturbation; sharp erosional contacts, local hiatuses and stiff mud 
horizons; some sandy/silty layers and indistinct bedding; mostly fine grain-size, very poor sorting and distinctive 
bi-gradational sequences; a high degree of correlation between the content of sortable silt (SS) in the total < 63 
μm size fraction and SS mean sizes in all eight cores studied. Biostratigraphy, oxygen isotope records and ten new 
accelerator mass-spectrometry (AMS) 14C dates reveal the mid to late Quaternary age of this mainly terrigenous 
contourite depositional system (CDS). 

By contrast, the dominantly calcareous Ioffe Drift, overlying the Florianopolis Fracture Zone (FFZ) ridge to the 
northeast of the Vema Channel, is far from any source of terrigenous material, and accumulated in an area of low 
biological productivity. The overall asymmetric geometry, mainly lenticular, upward-convex seismic units 
separated by erosional unconformities, reflection truncation, small-scale moats dissecting the drift surface 
collectively indicate its contourite origin. The interpretation of the drift as the CDS is supported by sediment 
characteristics including common hiatuses corresponding in some cases to erosional contacts, pervasive bio
turbation, generally poor sediment sorting, and more or less well-developed bi-gradational sequences. The 
erosion and deposition in the drift area are mostly controlled by the main LCDW branch following northeastward 
along the FFZ. Extensive erosion by bottom currents has created numerous hiatuses and markedly reduced the 
thickness of drift's sediments. The stratigraphic record from the Ioffe Drift sediment cores reveals an Upper 
Pliocene – Quaternary succession. The results of detailed analyses of six cores from the Ioffe Drift area, compared 
with two cores and the upper part of DSDP Site 516 from the Rio Grande Rise, notably the use of a SS analogue, 
provide new information on calcareous biogenic contourites deposited in the pelagic realm of the South Atlantic.   

1. Introduction 

The formation of deep-water contourite systems is known to be 
controlled by bottom currents, generally associated with global merid
ional overturning circulation (e.g. Heezen et al., 1966; Rebesco et al., 
2014 and references therein). The relative speed and energy of bottom 

currents vary significantly and lead to commonly co-occurring deposi
tional and erosive features, forming the contourite depositional systems 
(CDSs) of different scales (Hernández-Molina et al., 2003, 2008, 2009; 
Rebesco and Camerlenghi, 2008; Preu et al., 2013). Along with CDS’ 
value as paleoceanographic archives (e.g. Faugères and Stow, 2008) and 
potential reservoirs for hydrocarbons (e.g. Llave et al., 2019), they 
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garnered much attention as potential sources of geohazards like land
slides and slope failures (Laberg and Camerlenghi, 2008; Krastel et al., 
2011). The available works on regional-scale CDSs and their importance 
in terms of paleocirculation reconstructions were summarized by 
Rebesco et al. (2014). Regional studies of particular CDSs were per
formed on the Argentine slope (Hernández-Molina et al., 2009, 2016; 
Wilckens et al., 2021), offshore NW Spain (Hanebuth et al., 2015), in the 
Sicily Channel (Gauchery et al., 2021a), in the Adriatic Sea (Pellegrini 
et al., 2016), on several plateaus, including e.g. the Demerara Plateau 
(Tallobre et al., 2016), Rockall Plateau (Sayago-Gil et al., 2010) and 

Motril Marginal Plateau (Palomino et al., 2011). 
Within the area between the Argentine Basin and Brazil Basin (be

tween 48◦W and 32◦W, 33◦S and 27◦S) dissected by the Vema Channel, 
several contourite features have been reported by earlier studies 
(Rebesco et al., 2014; Flanders Marine Institute, 2019), notably the 
Santa Catarina Drift and Pelotas Drift (Jeck et al., 2019), Vema con
tourite fan (Mézerais et al., 1993; Faugères et al., 2002), Ioffe Drift 
(Ivanova et al., 2016a, 2020), and plastered drifts on the São Paulo 
Plateau escarpment (Borisov et al., 2013; Ovsepyan and Ivanova, 2019). 
Furthermore, large fields of sediment waves are present on the Santa 

Fig. 1. Bathymetry and general di
rections of major currents of the North
ern Argentine and Southern Brazil Basin 
with location of the main contourite 
features, sediment cores and DSDP sites. 
a) Regional bathymetric map with di
rections of surface-to-bottom water cur
rents (shown by arrow). Morphological 
features: SCP – Santa Catarina Plateau, 
SPR – São Paulo Ridge, TH – Torres 
High, RGT – Rio Grande Terrace, CST – 
Cruzeiro do Sul Trough, Jean Charcot 
seamounts, KZ – Kazanskiy seamount; 
fracture zones (FZ): Florianopolis FZ and 
Cruzeiro do Sul FZ. Contourite drift 
systems (CS and CDS): CCDS – Columbia 
contourite drift system, Santos CDS – 
Santos contourite drift system, SCD – 
Santa Catarina Drift, VCF –Vema con
tourite fan, PD –Pelotas Drift, ED – 
Ewing Drift. Water masses: TW – Trop
ical Water, SACW—South Atlantic Cen
tral Water, AAIW - Antarctic 
Intermediate Water, rAAIW – recircu
lated branch of the AAIW, UCDW – 
Upper Circumpolar Deep Water, NADW 
– North Atlantic Deep Water; LCPW — 
Lower Circumpolar Water, AABW – 
Antarctic Bottom Water. Inset shows 
location of the study area in the SW 
Atlantic. b) Modern bottom current di
rections and velocities indicated by ar
rows according to Morozov et al. (2010, 
2019, 2020) and modeling results (Frey 
et al., 2018) with location of the sedi
ment cores studied (white dots) on the 
seismoacoustic profiles (black lines); c) 
distribution of oxygen content in the 
water column (Levitus et al., 2010) 
along the profile shown by a yellow line 
in Fig. 1b, with boundaries of water 
masses corresponding to isolines of 
neutral density according to Hernández- 
Molina et al. (2016) and Jullion et al. 
(2010) shown in black and white, 
respectively. WSDW – Weddell Sea Deep 
Water. (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   
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Catarina Plateau (Jeck et al., 2019; Borisov et al., 2020) and the Rio 
Grande Rise (Lisniowski et al., 2017; Levchenko et al., 2020). Several of 
these drift systems comprise calcareous contourites. Whereas, terrige
nous contourites are rather well documented in the Atlantic (e.g. 
Hernández-Molina et al., 2010; Rebesco et al., 2014; Jeck et al., 2019), 
much less is known about calcareous contourites, in particular those at 
water depths over 3 km (Eberli and Betzler, 2019). 

In the SW Atlantic, the Rio Grande Rise, São Paulo Plateau and Santa 
Catarina Plateau separate the Argentine Basin from the Brazil Basin and 
limit the northward propagation of deep and bottom waters of southern 
origin (Fig. 1a). The narrow Vema Channel cuts through this topo
graphic barrier and represents the main oceanic gateway between these 
basins. It allows the northward passage of cold, dense Antarctic Bottom 
Water (AABW) and Lower Circumpolar Deep Water (LCDW) beneath 
southward-flowing North Atlantic Deep Water (NADW). The onset of 
AABW formation is believed to have occurred around the Eocene – 
Oligocene boundary after the opening of the Drake Passage at 30–35 Ma 
(Kennett and Barker, 1990; Livermore et al., 2005, 2007; Allen and 
Armstrong, 2008; Ivanova, 2009; Najjarifarizhendi and Uenzelmann- 
Neben, 2021), and continues up to present with variable intensity. 

The variability of bottom current speed through the Vema Channel 
was studied by Ledbetter (1979, 1984), and found to have a complex 
link to paleoclimate. Recently, modeling results have demonstrated the 
importance of periodic events of enhanced bottom-current velocities in 
sediment erosion, reworking, transport and subsequent accumulation 
(Thran et al., 2018; Wilckens et al., 2021; Frey et al., 2022). According to 
Thran et al. (2018), local fluctuations are believed to exert more sig
nificant control on contourite formation than an overall increase/de
crease in current flow. 

This paper documents the influence of the Vema Channel on the 
contourite formation from the Late Pliocene to Recent, focusing on 
contourite depositional systems investigated under the framework of the 
projects “Neogene-Quaternary contourites of the Central and South 
Atlantic” and Lateral sedimentation in the deep ocean (on the examples from 
the Central and South-western Atlantic). These CDSs have been partially 
reported in our earlier publications, but we present completely new data 
and new analysis in this paper. They include a mostly terrigenous CDS in 
the Santa Catarina Plateau – São Paulo Plateau area (Borisov et al., 2013, 
2020; Ovsepyan and Ivanova, 2019) and two calcareous CDSs in the 
Ioffe Drift – Rio Grande Rise area (Ivanova et al., 2016a, 2020; Lev
chenko et al., 2020; Murdmaa and Ivanova, 2021), lying to the west and 
east of the Vema Channel, respectively. The recently published results 
on the sediment waves investigation in the Santa Catarina Plateau re
gion (Borisov et al., 2020) and Rio Grande Rise (Levchenko et al., 2020) 
obtained within the first of our two projects are now supplemented by 
the new sub-bottom profiles and sediment cores presented in this study. 
In the Ioffe Drift and Rio Grande Rise, the stratigraphic framework and 
distribution of erosional hiatuses reported from six drift's sediment cores 
(Ivanova et al., 2016a, 2020, 2021; Ivanova and Dmitrenko, 2021) are 
supplemented by grain-size analyses and multi-sensor core-logging not 
only for the former (Murdmaa et al., 2021a) but also for the latter area. 

We applied the sortable silt (SS) approach by McCave et al. (2017) as 
one of the most valuable proxies developed for the terrigenous con
tourites study. To investigate the calcareous contourites and compare 
them to terrigenous ones, we attempted to consider fine carbonate 
material as a kind of analogue of the fine clastic material and to apply 
the sortable silt (SS) proxy to calcareous sediments as well. 

2. Regional setting 

2.1. Physiography 

The study area extends 1250 km in a W-E direction and more than 
890 km in an N-S direction (Fig. 1a). To the west, it is limited by the 
South American continental slope. The 600 km long and 20–30 km wide 
Vema Channel occupying the deepest part of the Rio Grande Gap (water 

depth over 4800 m) separates the Rio Grande Rise in the east from the 
Santa Catarina and São Paulo plateaus in the west (Le Pichon et al., 
1971; Johnson, 1984). 

The São Paulo Plateau is located on the South American continental 
slope at a depth of 1200–3200 m, according to Viana et al. (2003) and 
Jeck et al. (2019). The submarine valley in the south-western part of the 
plateau is connected upslope with the Cananéia canyon (Duarte and 
Viana, 2007). The plateau is bounded by a 500–1500 m high southern 
escarpment and a deep valley related to the Florianopolis Fracture Zone. 
The valley separates the São Paulo Plateau from the Santa Catarina 
Plateau to the south. The major part of the latter is dominated by the 
Santa Catarina Drift and covered by sediment waves (Jeck et al., 2019). 
We refer to this region, collectively, as the Santa Catarina CDS. 

The Ioffe Drift, which is included in the Global contourite distribu
tion database (Flanders Marine Institute et al., 2019), overlies the cen
tral part of the narrow tectonic ridge within the Florianopolis (Rio 
Grande) Fracture Zone (FFZ, Meisling et al., 2001) in the southern Brazil 
Basin. The ridge with steep northern slopes and gentler southern slopes 
is oriented in a SW–NE direction and rises to more than 700 m above the 
adjacent seafloor. The length of its crest is approximately 470 to 500 km, 
and the summit is at a water depth of 3800 m. The deep narrow fault- 
controlled channel at the base of its northern slope is up to 300 m 
deep and is connected to the Vema Channel (Fig. 1a, Morozov et al., 
2020). We refer to this region as the Ioffe CDS. 

2.2. Oceanography 

The deep and bottom-water circulation in the study area is controlled 
by five major water masses, notably the Antarctic Intermediate Water 
(AAIW, with a potential temperature (θ) of about 3–6 ◦C and salinity (S, 
practical salinity units, psu) 33.90–34.3) and its return southward 
branch (the so-called re-circulated AAIW or rAAIW), Upper Circumpolar 
Deep Water (UCDW, θ = 2.8–3 ◦C and 34.4 < S < 34.7), NADW (θ 
=2.3–3.5 ◦C and 34.6 < S < 35 psu), LCDW (θ = 0–2 ◦C and 34.7 < S <
34.8 psu) and AABW (or Weddell Sea Deep Water, WSDW, θ <0 ◦C and S 
< 34.7 psu) according to Schlitzer (2010) and by the interactions be
tween these water masses and with the seafloor topography (Fig. 1a). 
The boundaries between water masses are defined by neutral density 
(Fig. 1c; Jackett and McDougall, 1997) according to Orsi et al. (1999), 
Morozov et al. (2010), Jullion et al. (2010) and Hernández-Molina et al. 
(2016). AAIW (and UCDW sweep the summit of the Rio Grande Rise at 
water depths ranging from 500 to 1200 m and from 1200 m to 
1600–1900 m, respectively (Levitus et al., 2010). The AAIW/UCDW 
interface corresponds to the isolines of neutral density γn = 27.5–27.55 
g/cm3 (Jullion et al., 2010; Hernández-Molina et al., 2016). 

The boundaries between UCDW, NADW and LCDW in the western 
part of the study area occur at depths of 1760–1950 m and 3200–3400 
m, respectively (Fig. 1c) and can be correlated with lines of neutral 
density γn = 27.87–27.92 and 28.07–28.11 g/cm3 (Jullion et al., 2010; 
Hernández-Molina et al., 2016). Eastward of the Vema Channel, the 
boundary between UCDW and NADW lies at about the same depth, 
whereas the boundary between NADW and LCDW is somewhat deeper, 
at 3420–3520 m according to the conductivity-temperature-depth 
(CTD)-data from Morozov et al. (2010). Therefore, the summits of 
Ioffe Drift and Rio Grande Rise are bathed by LCDW and AAIW/UCDW, 
respectively. The major part of the Santa Catarina Plateau is also washed 
by LCDW down to 4000 m. LCDW generally flows northward along the 
continental margin and through the Vema Channel, penetrating 
respectively to the Santa Catarina Plateau and Ioffe Drift area. However, 
LCDW veers both northeastward along the FFZ and also westward from 
the northern exit of the Vema Channel, flowing to the Santa Catarina 
Plateau along the southern escarpment of the São Paulo Plateau (Fig. 1a; 
Morozov et al., 2010). 

Available estimates of geostrophic bottom water flow over the Santa 
Catarina Plateau suggest that comparable transport of 1.3–1.8 Sv can 
occur both in the northward and southward directions (McDonagh et al., 
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2002; Morozov et al., 2010). In the Ioffe Drift area, modeling results 
suggest a clockwise LCDW gyre (Fig. 1b; Frey et al., 2017; Fig. 1c in 
Ivanova et al., 2020). 

The Vema Channel and the deep fault-controlled channel north of the 
Ioffe Drift below about 4000–4100 m convey AABW with a neutral 
density of γn = 28.26–28.27 g/cm3 at the upper boundary (Orsi et al., 
1999; Morozov et al., 2010). 

The bottom current velocities measured by the Lowered Acoustic 
Doppler Current Profiler (LADCP) demonstrate that the near-bottom 
flow speed can reach 30 cm/s on the Santa Catarina Plateau (Frey 
et al., 2018) and ≥ 20 cm/s at a water depth of 4600–4750 m in the 
fault-controlled valley north of the Ioffe Drift (Morozov et al., 2020). 
There is also marked variability in current speed and direction in the 
Vema Channel, from 25 to 40 cm/s according to Le Pichon et al. (1971), 
and up to 55 cm/s according to Morozov et al. (2019). The bottom 
currents flowing through the channel transport a large amount of sus
pended matter comprising mostly biogenic detritus (including frag
ments of foraminiferal tests, diatoms, and coccoliths) as well as 
terrigenous mineral particles (Morozov et al., 2010). 

The study area is characterized by relatively low biological produc
tivity, which is typical of the oligotrophic subtropical zone bounded to 
the west by the Brazil western boundary current. Pelagic sediments are 
mainly composed of foraminiferal tests and coccoliths. Terrigenous 
supply is also rather low especially eastward of the Vema Channel, far 
from the continent. In the west, 129*106 t of suspended matter is pro
vided annually by the Río de la Plata (Depetris and Griffin, 1968). Part of 
this material is transported across-shelf and downslope, contributing to 
terrigenous sedimentation on the Santa Catarina and São Paulo plateaus 
(Krastel et al., 2011; Razik et al., 2013; Perez et al., 2016). Sediment 
supplied from the Rio Doce is also known to reach the Rio Grande Rise 
(Gingele et al., 1999). 

On the Santa Catarina Plateau and in the Ioffe Drift area, the calcite 
saturation level occurs at about 3750 and 4000 m, respectively, ac
cording to hydrochemical data (Chung et al., 2003). In the region of the 
Rio Grande Rise and Vema Channel, the foraminiferal lysocline and 
calcite compensation depth (CCD) occur at water depths of approxi
mately 4050 and 4500 m, respectively, according to Melguen and 

Thiede (1974). Hence, at present the study area (Fig. 1; Table 1) mostly 
lies above the foraminiferal lysocline. 

3. Material and methods 

High resolution sub-bottom profiling data were collected during six 
cruises of the RV Akademik Ioffe between 2010 and 2017 (Figs. 1b, 2a,b; 
Levchenko and Murdmaa, 2013a, 2013b; Levchenko et al., 2014; Iva
nova et al., 2016b, 2018a, 2018b) using an SES 2000 deep narrow-beam 
parametric echo-sounder with a frequency of 4–5 kHz and vertical res
olution of ~40 cm. The SES 2000 deep data were processed (heave 
correction and median filter application) with Interactive Sediment 
Layer Editor (ISE) software roughly assuming a sound velocity of 1500 
m/s for both the water column and sediments (although the velocity 
might be different at greater water depth and vary according to sediment 
changes). 

The types of seismic facies (also referred to as echo-characters or 
acoustic facies) were determined according to Damuth and Hayes 
(1977), and Maestro et al. (2021). 

In the study area, a series of gravity cores (6 and 8 m-long with an 
inner/outer diameter of 110/127 mm) were collected during the same 
and other cruises of the RV Akademik Ioffe (Ivanova et al., 2016b, 2018 
a,b; Skolotnev et al., 2018). The core sites were selected on the afore
mentioned seismoacoustic profiles to investigate the supposed con
tourite features (Figs. 1b, 2a,b). In addition, a series of grab samples 
were collected across the deep fault-controlled channel north of the Ioffe 
Drift. The sediment sections were opened, visually described and 
continuously sampled aboard the ship. For this study, we have examined 
16 cores for sedimentological, geochemical and stratigraphic study 
(Table 1). 

Further details of the methods used for sample processing, strati
graphic study, magnetic susceptibility (MS) and X-Ray Fluorescence 
(XRF) analyses are provided in our previous papers (Ivanova et al., 
2016a, 2020; Ovsepyan and Ivanova, 2019). New results on 8 cores from 
the Ioffe Drift and the Rio Grande Rise were obtained by linear photo 
scanning, MS and XRF analyses using the Geotek MSCL-XYZ core 
workstation (Murdmaa et al., 2021a). The results of biostratigraphic 

Table 1 
Sediment cores location and length.  

Core/ 
Grab 

Latitude Longitude Depth, m Length, m Location Reference 

Southern São Paulo Plateau escarpment area 
AI-3152 28◦37.34′ S 42◦40.45′ W 3435 4.28 Drift on a small terrace on the escarpment Ovsepyan and Ivanova, 2019; this study 
AI-2563 28◦24′ S 43◦17′ W 3620 4.85 Top of the mounded body close to the foot of the escarpment Borisov et al., 2013; this study  

Santa Catarina Plateau 
AI-3434 28◦851.85′ S 43◦32.17’ W 3924 3.1 Northern part of the sediment wave field This study 
AI-3153 29◦17.95′S 43◦43.32’ 4040 3.28 Buried part of the sediment wave field This study 
AI-3154 30◦04.74′S 43◦51.46′W 3592 4.75 Top of the sediment wave on the Torres High slope This study 
AI-2443 30◦36.20′S 44◦16.97′W 3410 3.42 Top of the Torres High This study 
AI-3435 30◦59.42′S 44◦36.98′W 3401 4.18 Top of the giant sediment wave This study 
AI-3681 29◦03.041′ S 42◦02.67′ W 3751 4.5 Mounded depositional body near the S-N oriented channel This study  

Ioffe Drift 

AI-2436 26◦51.60′S 34◦01.40′W 3799 7.14* Drift summit 
Ivanova et al., 2016a, corrected; this 
study 

AI-3655 26◦51.59′S 34◦01.40′W 3799 5.14 Drift summit This study 
AI-3316 26◦49.33’S 33◦57.46′W 3898 4.89 Northern slope Ivanova et al., 2020; this study 
AI-3317 26◦50.79′S 34◦02.33′W 3832 5.15 Northern slope This study 
AI-3318 26◦50.98′S 34◦00.41′W 3788 3.46 Drift summit Ivanova et al., 2020; this study 

AI-3319 27◦17.79′S 34◦37.08′W 4066 2.87 
Series of wave-like depositional features to WSW from the Ioffe 
Drift This study 

AI-3654 26◦40.18′S 34◦16.61′W 4695 0.2 Northern sope of fault channel to the north of Ioffe Drift This study  

Río Grande Rise 
AI-3320 30◦16.50′S 35◦17.12′W 1323 1.16 Summit of the rise (at DSDP Site 516) This study 
AI-3321 30◦59.11’S 38◦02.45′W 2969 2.93 Western flank of the rise (at DSDP Site 517) This study  

E.V. Ivanova et al.                                                                                                                                                                                                                              



Marine Geology 449 (2022) 106835

5

study of six sediment cores from the Ioffe Drift are available (Ivanova 
and Dmitrenko, 2021). 

The MS signal is taken to reflect the terrigenous supply to the study 
area (Thompson and Oldfield, 1986; Schmieder, 2004). From the XRF 
data, the normalized Ca/Al ratio calculated as ln(Ca/Al) according to 
(Weltje and Tjallingii, 2008; Rothwell and Croudace, 2015) is used as a 

regional stratigraphic constraint. It qualitatively reflects the CaCO3 
content of the sediments relative to the terrigenous fraction (Jaccard 
et al., 2005; Rothwell and Croudace, 2015) and allows the robust cor
relation of the sediment cores. In the Atlantic and in particular on the 
southwestern flank of the Rio Grande Rise, the latter is shown to have 
been higher during interglacial periods and interstadial episodes, due to 

Fig. 2. Bathymetry, general directions of major bottom currents, seismoacoustic profiles and location of sampling sites. a) Santa Catarina – São Paulo Plateau area, b) 
Ioffe Drift area. For location of (a) and (b) see Fig. 1 The red lines highlight the location of profiles shown in Figs. 3-5. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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higher production and better preservation of calcareous microfossils 
along with lower terrigenous supply, than in glacial and stadial periods 
(Bacon, 1984; Jones et al., 1984; Hodell et al., 2001; Rickaby et al., 
2010; Eberli and Betzler, 2019). In addition, ln(Zr/Rb) is used to illus
trate relative changes in mean grain size related to bottom currents in
tensity according to (Rothwell and Croudace, 2015) nearby the 
erosional contacts in the sediment core AI-3154. 

Grain-size analyses were performed using a SALD-2300 laser 
diffraction particle size analyzer (Shimadzu, Japan), which yields a size 
spectrum from 17 μm to 2.5 mm. In all cores, the sample spacing was 
even, ranging 10–15 cm and 10–40 cm in homogenous intervals from 
the Santa Catarina/Rio Grande cores and Ioffe Drift cores, respectively. 
The spacing was 1–8 cm where specific lithological changes were taken 
into account. From the Santa Catarina cores, grain-size analysis was 
carried out on each sample separately for bulk sediment and the 
carbonate-free fraction. In the Ioffe Drift and the Río Grande Rise area, 
grain-size analysis was performed only on the bulk sediment, due to a 
common dominance of calcareous biogenic particles in the sediment 
cores. The samples were treated with H2O2 to remove organic matter 
before bulk sediment analysis, while for carbonate-free analyses, HCl 
was then used to remove biogenic carbonate, prior to a second analysis. 
The biogenic opal content is low (<1.3%) in the study area and thus no 
additional procedure was used for its removal from the sediment. For 
particle disaggregation, all samples were processed by sodium tripoly
phosphate in an ultrasonic bath before the analysis. 

From grain size analyses of all samples studied, the content of sort
able silt (SS) in the 10–63 μm size fraction (McCave et al., 1995) and SS 
mean sizes, as well as their correlation coefficients, were calculated to 
allow inference about the probable current speed. Although the SS proxy 
is essentially a grain size measure of the carbonate-free terrigenous 
fraction of mainly siliciclastic contourites (McCave et al., 2017), we 
have attempted the same method for calcareous contourites, but without 
removal of the carbonate fraction. The latter is useless since the terrig
enous admixture is low. Mean sizes of SS were computed using the 
GRADISTAT software (Folk and Ward, 1957; Blott and Pye, 2001). 

In core AI-3321, the oxygen isotope ratio (δ 18O) was measured 
down-core on the epibenthic foraminifer C. wuellerstorfi (Cw) at the 
Godwin Laboratory for Palaeoclimate Research (Cambridge, UK). The 
species was selected according to a common practice to avoid any bias of 
isotope signal by the pore water influence (e.g. Curry and Oppo, 2005). 
Similarly, δ 18O Cw was measured in core AI-3152 (Ovsepyan and Iva
nova, 2019). All results are provided relative to the Vienna Pee Dee 
Belemnite (VPDB) standard. 

In 8 sediment cores collected from the different drifts, well-preserved 
mixed planktic foraminiferal tests were picked from the grain-size 
fraction >150 μm, where available, and used for accelerator mass 
spectrometry (AMS 14C) dating performed in the Poznan Radiocarbon 
Laboratory (Poland). It should be noted, that terrigenous sediments of 
several cores were mostly foraminiferal-barren and, therefore, could not 
be dated by this method. The dating results for cores AI-3152 and AI- 
3318 were published earlier in Ovsepyan and Ivanova (2019) and Iva
nova et al. (2020), respectively. All radiocarbon dates, including those 
for cores AI-3152 and AI-3318 were calibrated in CALIB 8.2 (Stuiver 
et al., 2021) applying the MARINE20 calibration curve (Heaton et al., 
2020) with a standard reservoir correction of – 550 years. 

4. Nomenclature 

In this study, the commonly accepted nomenclature and in
terpretations of contourite features are used. In particular, the terms 
“contourite” and “contourite drift” are applied for sediments “deposited 
or substantially reworked by the persistent action of bottom currents” 
and for extensive accumulations of contourite sediments, respectively 
(Faugères et al., 1999; Faugères and Stow, 2008; Rebesco et al., 2014). 

Moats are linear features parallel to the slope formed by reduced or 
no deposition with minor erosion (Hernández-Molina et al., 2008; 

Rebesco et al., 2014; Eberli and Betzler, 2019). 
Terrigenous contourites are composed of siliciclastic material, clay 

minerals and organic matter derived from land. Deep-sea calcareous 
biogenic contourites are considered to be originated from vertical 
settling and further lateral transport of biogenic material (mostly fora
miniferal tests and nannofossils). 

Sediment waves are defined as large-scale, sinusoidal, depositional 
bedforms (generally up to a few kilometers wavelength and up to tens of 
meters in height) which are generated under the influence of bottom 
currents (e.g. Wynn and Stow, 2002). 

The term “turbidites” describes gravity-driven deposits, accumulated 
by geologically instantaneous suspension flows. They are commonly 
represented by decimeter-scale cyclites, characterized by graded 
bedding from coarser below to fine-grained above (Bouma, 1964). The 
cyclites alternate in sediment sections with slowly accumulating 
hemipelagites. 

The reflector is considered to be the boundary between layers of 
contrasting acoustic impedance, which is the product of sediment/rock 
density and seismic wave velocity. A reflector is expressed as a reflection 
in seismic records (Schlumberger, 2022), but the two terms are widely 
used as synonyms. However, the term “reflector” is more commonly 
used to describe sub-bottom profiling data (e.g. Damuth and Hayes, 
1977; Loncke et al., 2009). Since this work is based on sub-bottom 
profiling data the term “reflector” is preferred. 

The seismic unit represents a mappable, three-dimensional unit 
composed of groups of reflections whose parameters differ from those of 
neighboring seismic units (Mitchum et al., 1977). 

5. Results 

5.1. Morpho-seismic characteristics 

The Santa Catarina CDS comprises the Santa Catarina Plateau (SCP), 
a slightly elevated region lying to the west of the Vema Channel, and the 
southern flank of the São Paulo Plateau. The Santa Catarina Plateau has 
an irregular surface topography surrounded by channels through which 
the AABW and LCDW flow and circulate in a large gyre (Figs. 1, 2). There 
is a steep scarp to the north of the SCP that forms the southern flank of 
the São Paulo Plateau. This is mainly acoustically transparent to chaotic, 
but with two small perched plastered patch drifts, having prominent 
sub-parallel reflectors (Borisov et al., 2013; Ovsepyan and Ivanova, 
2019) (Fig. 3a-d). 

The drifts were traced at depths between 3450 and 3700 m. The 
shallower drift is characterized by a slightly mounded geometry and 
well-defined acoustic stratification (Fig. 3a,b). It has a thickness of up to 
35 m and a width of 4 km along the profile. The body is separated from 
the plateau escarpment by a moat with a relative depth of approximately 
8 m. The acoustic structure of the depositional feature can be divided 
into two units by an unconformity (Fig. 3b). The upper unit is up to 21 m 
thick and shows continuous subparallel reflectors with moderate 
amplitude. The configuration of reflections within this unit generally 
determines the mounded morphology of the sediment body (Fig. 3a,b). 
The lower unit is recorded in seismic profiles as an upward convex lens 
with discontinuous low-amplitude subparallel reflectors (Fig. 3b). The 
reflection configuration within the lower unit does not demonstrate 
clear evidence of the moat occurrence. Due to insufficient acoustic 
penetration, the lower boundary of the unit was not determined 
(Fig. 3a). 

The deeper perched plastered patch drift has a form of an acousti
cally stratified lens overlying reflection free deposits and extending for 
3.6 km along the profile (Fig. 3c,d). The thickness of the body reaches its 
maximum (22 m) in the axial part and rapidly decreases the upslope 
where a small local depression occurs (Fig. 3c,d). Subparallel mostly 
discontinuous reflectors tend to wedge out toward the lateral parts of the 
depositional feature. The uppermost reflector demonstrates toplapping 
in the area of the rapid decrease in the body thickness (Fig. 3c,d). 
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The drifts were recorded only in one sub-bottom profile so their 
estimated extension along the slope can hardly exceed 40 km (Figs. 3a-d, 
2a). 

The main part of the SCP is covered by a low mounded, N-S elon
gated body (approximately 200 km long by 50 km wide), known as the 
Santa Catarina Drift (Fig. 1a). Analysis of sub-bottom profiling data 
collected on the SCP allowed distinguishing irregular, hyperbolic, 
distinct and undulated types of seismic facies. The distribution of these 
facies is generally described by Frey et al. (2022). This work is mainly 
focused on the undulated seismic facies (sub-type 4F) which occupy the 
major part of the northern Santa Catarina Plateau (Table 2). These facies 
are acoustically stratified seismic characters with parallel to subparallel, 
moderate amplitude, and continuous reflectors. The acoustic penetra
tion varies from 40 to 70 m (Figs. 3a,e, 4). Over most of the SCP the 
reflectors show slight to more marked undulations (Fig. 4a-f). Some of 
these are regular and appear to be giant sediment waves (Fig. 4f). The 
lowest amplitude waves (<2 m) occur over the crest of the Santa Cata
rina Drift (Fig. 4e), and as part of a buried wave field (Fig. 4b), which 
was previously described by Borisov et al. (2020). Sediment waves with 
heights of 7–25 m cover the major part of the Santa Catarina Drift 

(Fig. 4a, b, d). The highest amplitude waves (up to 70 m) are located on 
the slopes of Torres High (Fig. 4f). The buried part of the sediment wave 
field is presented by facies 1 L. This facies type has distinct and uniform 
bottom echo, undulated disrupted sub-bottom reflectors, sub-parallel to 
each other but not to the bottom reflector.This facies alternates with 1G 
and 4F facies (Table 2). 

The Ioffe CDS lies to the northeast of the exit to the Vema Channel. 
The Ioffe Drift itself drapes over a narrow tectonic ridge along the 
southern margin of the Florianopolis Fracture Zone, with a fault- 
controlled channel (or moat) along its northern flank (Fig. 2b). This 
fault- drift extends for up to 500 km in a northeasterly direction. There is 
a marked unconformity that lies about 20–40 m from the surface of the 
drift. Overlying this, much of the drift shows an acoustically stratified 
seismic character with parallel to subparallel, moderate amplitude, 
continuous reflectors, and a lack of reflector undulations (Fig. 5a-c, e). 
Some parts are less clearly stratified to nearly transparent, with some 
intercalation of seismic units with different amplitude of reflectors (from 
almost acoustically transparent to well-stratified)(Fig. 5). In places, 
these seismic units are separated by an angular unconformity (Fig. 5b,c, 
e). A series of irregular sediment waves (up to 20 m amplitude) with the 

Fig. 3. Seismoacoustic structure of the upper sediment cover on the São Paulo Plateau southern escarpment and its base. Black arrows mark the location of sediment 
core sites. 
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Table 2 
Seismic facies (echo-character) types and subtypes revealed in the study area (with description and interpretation). Subtypes nomenclature marked with star (*) corresponds to classification by Damuth and Hayes (1977), 
the rest – to classification by Maestro et al. (2021).  

Sub-type SES 2000 deep example Schematic image Description Interpretation 

Distinct Echos 
1G distinct and uniform bottom echo, distinct wedging out sub-bottom reflectors 

with acoustic blanking at the base 
distinct and uniform bottom echo, distinct wedging 
out sub-bottom reflectors with acoustic blanking at the 
base 

1L distinct and uniform bottom echo, undulated disrupted sub-bottom 
reflectors, sub-parallel to each other but not to the bottom reflector, acoustic 
penetration up to 70 m 

burried/draped sediment waves  

Undulated Echos 

4F IIIB* 

undulated bottom reflector with parallel (to sub-parallel) sub-bottom 
reflectors, acoustic penetration ~30 m, wave height 7-30 m, wave length 
1.5-3 km 

contouritic sediment waves (regular) 

undulated bottom reflector with parallel (to sub-parallel) sub-bottom 
reflectors, acoustic penetration 30-40 m, wave height up to 70 m, wave 
length 4-5 km 

contouritic sediment waves (giant)  
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same intercalation of reflective to transparent seismic units occur to the 
southwest of the drift (Fig. 5d). 

Outcrops of some older deposits (or even basaltic basement) were 
revealed in sub-bottom profiling records (Fig. 5e). The mound-like 
outcropping features have a relative height of approximately 50–90 m 
and a width at the base of 2–4 km. Several well-defined moats (or 
scours?) were found at the base of these mounds (Fig. 5a). The relative 
depth of the moats (scours) varies from 5 to 40 m, while their width 
reaches 2 km. Notably, all the moats are located south of the mounds. 

5.2. Sediment characteristics 

5.2.1. The Santa Catarina Plateau – São Paulo Plateau area 
According to shipboard visual core description, grain size data and 

geochemical data (ln(Ca/Al), all eight cores in this region (Fig. 2, 
Table 1) are composed of olive-gray, fine-grained sediment of mixed 
terrigenous-biogenic composition (Figs. 6-10). There is a relatively thick 
(up to 45 cm) surface oxidized brownish layer. The evidence of mixed 
sediment composition and the lithology of the reference cores AI-3152 
and AI-2563 are described in Ovsepyan and Ivanova (2019) and Bor
isov et al. (2013), respectively. All cores show an interlayering of 
distinctive stiff mud horizons, of brownish, yellowish and bluish colors. 
These are especially marked in cores AI-3154, AI-3152, AI-3681, AI- 
2443, AI-3153 and AI-2563 (Fig. 9). Several, sharp erosional contacts 

are present in cores AI-3152, AI-3681, AI-3434, AI-3153, AI-3154 and 
AI-3435 (Fig. 9). The sediments are slightly-to-strongly bioturbated 
throughout the section in most cores, although in cores AI-2443 and AI- 
3153 only part of the section appears bioturbated (Fig. 7). In some cases, 
sediment lamination is also present, as in cores AI-3434 (18–26 cm) and 
AI-3681 (34–46 cm). 

Detailed grain size analysis shows a dominance of silt and clayey silt, 
with a sandy silt and sand fraction only present in thin layers in cores AI- 
3435, AI-3152, AI-3434 and AI-3681 (Figs. 7-10). The mean grain size of 
the bulk sediment is low throughout much of the core sections (typically 
in the range 2–20 μm), but with distinctive intervals extending over 
10–50 cm in which the mean grain size increases markedly (up to 
50–400 μm). In some cores (e.g. AI-3153 and AI-3154), the coarser in
tervals are fine to coarse silt, whereas in others the mean grain size is 
fine to medium sand (e.g. AI-3435 and AI-3152). Sediment sorting is 
mostly very poor (> 2 phi), but some of the coarser intervals show 
improved sorting (< 2 phi). This trend is very clear in core AI-3435, for 
example, but the reverse is true for some other cores – e.g. AI-3154. 

These bi-gradational sequences are also evident in the down-core 
plots of ln(Ca/Al) (Fig. 9). The higher ln(Ca/Al) tend to correspond 
with coarser mean grain sizes, although this is not everywhere evident. 
In some cases, the coarser fraction is dominated by planktic foraminif
eral tests and their fragments, whereas in other cores this fraction is 
mostly terrigenous (Fig. 8). The ln(Ca/Al) ratio is generally lower in the 

Fig. 4. Seismoacoustic structure of the upper sediment cover at core locations and examples of the sediment waves in the Santa Catarina Plateau area. Black arrows 
mark the location of sediment sampling sites. 
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finer-grained sections, but increases in the coarser intervals. It is also 
seen to vary between cores across the Santa Catarina Plateau – São Paulo 
Plateau area (Fig. 9). 

The SS mean size generally varies between 11 and 40 μm reaching up 
to 53 μm in the coarse layers from core AI-3434 (Fig. 10). In cores AI- 

3434, AI-3681 and AI-3153, several layers are characterized by an 
absence of clay, thus the whole terrigenous fraction <63 μm consists of a 
sortable silt fraction. The ratio of SS content to its mean size shows very 
high correlation coefficients (0.91–0.98) in all cores studied (Fig. 8). 

Fig. 5. Seismoacoustic structure of the upper sediment cover in the area to the southwest of the Ioffe Drift. Black arrows mark the location of sediment sampling sites.  
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Fig. 6. High-resolution images of cores AI-3318 (Ioffe Drift) and AI-3154 (Santa Catarina Plateau) with interpretation, grain-size distributions, volume magnetic 
susceptibility (magenta) and ln(Zr/Rb) ratio (dark blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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5.2.2. The Ioffe Drift –Rio Grande Rise area 

5.2.2.1. Ioffe Drift. All six sediment cores from the Ioffe Drift area 
recovered very pale brown to pale orange-yellow bioturbated calcareous 
ooze, mostly composed of planktic foraminiferal tests (whole and frag
mented) and calcareous nannofossils (Figs. 6 and 11; see Fig. 2b and 
Table 1 for locations). Nannofossils dominate in the lower parts of cores 
AI-3317 and AI-3319, where the sediments are represented by nanno
fossil ooze and the strongest foraminiferal dissolution is documented 
(Ivanova and Dmitrenko, 2021; Murdmaa et al., 2021a). However, a 
slowdown of the bottom currents could also result in the relative coc
colith accumulation along with the dissolution. Foraminiferal ooze is 
present in the upper 10–40 cm of most cores, and at discrete intervals 
down-core. The relative proportion of biogenic to terrigenous material 
varies laterally, from core to core, and vertically down-core. The 
terrigenous fraction content is generally higher in core AI-3319 

compared to the other cores. However, brownish-colored layers (up to 
several centimeters in thickness) enriched in terrigenous material also 
occur in core AI-2436 (Murdmaa et al., 2021a). 

Detailed grain size analysis shows subtle differences between cores 
(Figs. 11, 12). There is a dominance of silt and clayey silt in cores AI- 
3319, AI-3316 and AI-3317 (pre-drift and drift flank), sandy silt in 
core AI-3655, and more silty sand to sand-size in cores AI-2436 and AI- 
3318 (drift crest) (Fig. 12). The bulk mean grain-size varies from around 
10 μm in the nannofossil oozes (e.g. AI-3317) to almost 250 μm in 
foraminiferal sand intervals (AI-3318). Sediment sorting is generally 
very poor, with a sorting coefficient up to 7 phi (Fig. 11). Down-core 
oscillation of both mean grain-size and sorting parameters is evident 
in all cores, being more pronounced and variable in the generally 
coarser-grained cores (e.g. AI-3318). This is comparable with the bi- 
gradational sequences noted in the Santa Catarina region above. 

Because the Ioffe Drift sediments are so rich in CaCO3, we could not 

Fig. 7. Sediment cores from the Santa Catarina Plateau – São Paulo Plateau area: sediment structures, sediment types distribution, sorting and mean size of the bulk 
sediments versus depth. 
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measure a true sortable silt proxy, following the removal of the car
bonate fraction. However, we calculated an equivalent SS measure (i.e. 
mean of the bulk 10–63 μm fraction) and cross plot this with the bulk 
mean size. The correlation coefficients range from 0.78 to 0.89 for four 
drift cores, with somewhat lower values (0.59 and 0.69) for cores AI- 
3317 and AI-2436 from the northern slope and summit of the drift, 
respectively (Fig. 13). The maximum value of 0.89 is estimated for core 
AI-3319, retrieved from the field of the sediment waves to WSW of the 
Ioffe Drift (Fig. 13A). 

One grab sample (AI-3654) recovered a 20 cm-long section of 
terrigenous clayey silt from the northern slope of the fault-controlled 
channel at the base of the northern flank of the Ioffe Drift, at a water 
depth of 4695 m (Fig. 12). Several ferromanganese nodules are found on 
the sediment surface in this grab. The sediments are slightly bioturbated 
in the lower part of the section. Two further grabs attempted from the 
deepest part of the channel, at water depths of 4700–4770 m, were 
returned empty. 

5.2.2.2. Rio Grande Rise. Two cores were recovered from the Rio 
Grande Rise, southwest of the Ioffe Drift (Table 1). The sediments of a 
short core (AI-3320) from the summit of Rio Grande Rise consist of 
relatively poorly sorted foraminiferal sand (Fig. 11), whereas a deeper 
and longer core (AI-3321) collected from the rise’ slope recovered an 
alternation of foram-nannofossil and nannofossil-foraminiferal oozes. A 
conspicuous amount of pteropod shell fragments and perfectly pre
served planktic foraminiferal tests are present in both cores. Grain-size 
analysis shows the dominance of sand fraction in all samples studied 
from both cores (Fig. 12). The ratio of the equivalent SS content in the 
fraction <63 μm to SS mean size demonstrates a high correlation coef
ficient of 0.9 in core AI-3321 and a very low coefficient of 0.3 in core AI- 
3320 (Fig. 13). 

5.3. Stratigraphy and sedimentation rates 

5.3.1. AMS 14C dating 
Ten new calibrated AMS 14C dates are presented in this study, as well 

as five previous dates from the region (Table 3). Together, these ages 
range from around 31 ka to 4.8 ka, and so help calibrate the late Qua
ternary stratigraphy – Marine Isotope Stages (MIS) 1–3. In the Santa 
Catarina Plateau-São Paulo Plateau area, the dates confirm the age of the 

uppermost sediments within MIS 1–2. The two dates from core AI-3320 
on the Rio Grande Rise clearly demonstrate an age inversion, yielding an 
age of 42 ka at a core depth of 5–6 cm, and an age of 27.35 ka at a depth 
of 25–26 cm. These cannot be used to calibrate the age of this core, but 
the possible reason for this inversion is discussed later. In the Ioffe Drift 
area, core AI-3318 yielded two dates – an age of 33.14 ka at a depth of 
10–11 cm, and age of >46 ka at a depth of 20–21 cm. This last is beyond 
the maximum age for an accurate measurement, but interestingly, both 
dates show relatively older sediments (MIS stage 2) quite near the sur
face. Where possible the ages obtained have been used to calculate mean 
sedimentation rates using linear interpolation between calibrated AMS 
14C dates for the upper parts of cores. Otherwise, sedimentation rates 
have been estimated within the stratigraphic intervals identified basing 
on biostratigraphy, as described below. 

5.3.2. The Santa Catarina Plateau – São Paulo Plateau area 
In the São Paulo Plateau – Santa Catarina Plateau area, core AI-3152 

from a small patch drift is used as the reference core. Its stratigraphy is 
based on a closely-spaced benthic oxygen isotope record, supported by 
AMS 14C dating for the upper part (Ovsepyan and Ivanova, 2019). This 
core recovered the last 167 ky of a section, that is from MIS 6 to MIS 1, 
and yields estimated average sedimentation rates from 1.5 to 4.1 cm/ky 
within different MIS stages. The other seven cores from the area can be 
correlated to AI-3152 using the down-core ln(Ca/Al) records supported 
by the available AMS 14C dates in four cores (Table 3, Fig. 9). The 
interglacial (MIS 1 and 5) and interstadial (MIS 3) periods are charac
terized by higher ln(Ca/Al) than the glacial/stadial periods, although 
the difference is more muted in cores AI-2443 and AI-3154 (Fig. 9). The 
stadial periods MIS 2 and 4, with relatively low ln(Ca/Al), are recovered 
in seven cores whereas glacial period MIS 6 is seen in three cores (Fig. 9). 
The average sedimentation rates vary from 0.7 to 9.1 cm/ky, and show a 
generally lower rate of 0.7–3.0 cm/ky for the interglacial periods (MIS 1 
and 5) than for the glacial period (MIS 2–4), which ranges 2.0–9.1 cm/ 
ky across the core sites. 

5.3.3. The Ioffe Drift – Rio Grande Rise area 
The stratigraphy of the Ioffe Drift is based mainly on the biostratig

raphy of planktic foraminifers and nannofossils, and spans the late 
Pliocene to Recent (Fig. 14) (Ivanova et al., 2016a, 2020; Ivanova and 
Dmitrenko, 2021). This shows a much reduced succession compared 

Fig. 8. Ternary diagrams (according to Shepard, 1954) of the grain-size distribution in the sediment cores from São Paulo Plateau – Santa Catarina Plateau area.  

E.V. Ivanova et al.                                                                                                                                                                                                                              



Marine Geology 449 (2022) 106835

14

with DSDP Site 516 on the Rio Grande Rise. Correlation between the 
Ioffe Drift cores and DSDP Site 516 demonstrates the reduced thickness 
of all biostratigraphic zones, as well as the absence of some zones thus 
suggesting a common occurrence of erosional hiatuses in the drift area 
(Fig. 14). For every erosion event, the resulting biostratigraphic gap 
might span several tens or even hundreds thousand years (Ivanova et al., 
2021). 

The previous studies revealed that specific variation patterns in MS 
and XRF (ln(Ca/Al)) records correspond to distinctive irregular bio
turbated contacts between dark brown layers relatively enriched with 
terrigenous material and underlying light layers with relatively higher 
carbonate content (Ivanova et al., 2021). These patterns represent 
strongly asymmetric (an abrupt change followed by a gradual one) and 
probably mark incomplete sedimentary cyclites, reflecting fluctuations 
of bottom-current velocity as described by Stow and Faugères (2008). 
Correlation of MS and XRF data with high-resolution linear scan images 
and biostratigraphic data allowed interpretation of abrupt changes in 
MS and ln(Ca/Al) values within the patterns described above as evi
dence of hiatuses (Fig. 15; Ivanova et al., 2020, 2021). 

The hiatuses appear to be especially common in the Gelasian, from 
~2.59 to ~1.9 Ma, based on MS-XRF records, and more evident in the 
Calabrian, from ~1.47 to 0.81 Ma, based on biostratigraphic data 

(Fig. 15). Although the age resolution does not allow an accurate esti
mate of the vanished stratigraphic time interval, we suggest that many 
of the erosional and non-depositional hiatuses are relatively short, even 
geologically instantaneous (Ivanova et al., 2021; Murdmaa et al., 
2021b). For hiatuses within a standard contourite sequence in the Gulf 
of Cadiz, demonstrate a probable duration of 0.5–1.5 ky. 

Cores AI-3320 and AI-3321 from the Rio Grande Rise extend back to 
MIS 5 and MIS 8, respectively, according to the oxygen isotope record 
from AI-3321 and core-to-core correlation using the ln(Ca/Al) records 
(Fig. 16). The interglacial and interstadial periods are generally char
acterized by higher ln(Ca/Al) and lower MS values. The estimated 
average sedimentation rates within different stages range from about 0.6 
to 1 cm/ky, which is consistent with the mean value of 0.5 cm/kyr for 
the upper 10 m of DSDP Site 516. 

6. Discussion 

Overall, our data suggest that the narrow Vema Channel significantly 
modulated the energy transferred by bottom currents linked to the 
LCDW and AABW, and markedly affected sediment erosion and depo
sition at and near its northern exit. Thus, in line with the earlier publi
cations on the Vema contourite fan (Mézerais et al., 1993; Faugères 

Fig. 9. Correlation of sediment cores from the Santa Catarina Plateau – São Paulo Plateau area versus the reference core AI-3152 with the established marine isotope 
stages (MIS, after Ovsepyan and Ivanova, 2019) based on the down-core ln(Ca/Al) records. Calibrated AMS 14C dates are marked by black flash (see Table 3). 
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et al., 2002), we argue that this gateway is of primary importance for 
CDSs formation in the study area, which is mostly bathed by LCDW. 
Contourite deposition and erosion are also affected by the temporal and 
spatial variability of bottom currents in the Vema Channel (Johnson, 
1984). 

6.1. Multi-proxy evidence for contourites 

The recognition of contourites and their distinction from other deep- 
water sedimentary systems is not always straightforward. A three-scale 
approach for the identification of contourites was introduced by Lovell 
and Stow (1981) and this is now generally accepted (Stow et al., 2002; 
Rebesco et al., 2014; Stow and Smillie, 2020). This method clearly ac
knowledges the need to consider all evidence at the large scale 
(oceanographic and tectonic setting, sedimentary/seismic system), at 
the medium scale (depositional body, morpho-seismic features); and at 
the small scale (sedimentary characteristics in the field, cores and 
through laboratory analysis). Following this methodology, there is 
strong evidence at the large scale, from the physiographic and oceano
graphic setting of the region (see Section 2), for a regional context that 
would favor contourite accumulation from at least Oligocene time. This 
is fully supported by many previous studies of the Vema Channel and 
associated drift deposits (Johnson et al., 1984; Ledbetter, 1986; 
Mézerais et al., 1993; Faugères et al., 2002; Jeck et al., 2019). Obser
vations at the medium scale (morpho-seismic features) and small scale 
(sedimentary characteristics), which further support a contourite 
interpretation, are discussed separately below for the two study areas: 
the Santa Catarina Plateau – São Paulo Plateau, and the Ioffe Drift – Rio 
Grande Rise. 

6.1.1. The Santa Catarina Plateau – São Paulo Plateau area 

6.1.1.1. Morpho-seismic features. Sediment waves covering the Santa 
Catarina Plateau are recorded in seismoacoustic profiles as a series of 
slightly overlapping hyperbolae with conformable sub-bottom re
flectors. This type of acoustic (seismic) facies corresponds to type IIIB 
echocharacter of Damuth and Hayes (1977) or type B2 of Loncke et al. 
(2009). In both cases, these are taken to reflect the significant impact of 
bottom currents on sedimentation. We agree with this interpretation of 
the Santa Catarina waves, although we do accept that other mechanisms 
of wave formation are also possible (Wynn and Stow, 2002). Cores were 
recovered from different parts of these sediment waves. 

According to classification by Rebesco (2005) and Hernández- 
Molina et al. (2008), the depositional body on the São Paulo Plateau 
escarpment (with its mounded overall geometry, presence of a moat, 
estimated along-slope elongation) can be interpreted as a separated 
mounded or patch drift (Fig. 3a, b). The units distinguished in the 
acoustic structure of the shallower drift (depth ~ 3450 m) reflect two 
stages of its formation. The lower unit is considered to be a small plas
tered drift deposited on the escarpment of the São Paulo Plateau. The 
reflector configuration within the unit (i.e. increased slope angle gra
dients) demonstrates that the drift growth modified the slope 
morphology. The upper unit corresponds to the formation stage of the 
moat and slightly mounded drift. Sub-bottom profiling data show the 
migration of the moat-drift system toward the escarpment. The config
uration of the moat and drift together with the direction of the Coriolis 
force suggest the eastward movement of the bottom current. In the lower 
unit, the evidence of moat formation could be destroyed by erosion 
marked by unconformity between the two units. The event of drastic 
erosion was most probably caused by the intensified bottom currents. 
Since the shallower drift is located slightly below the modern NADW/ 
LCPW boundary, it can be assumed that internal waves (internal tides) 
could increase the erosional impact on the drift and the escarpment due 
to the vertical migration of the boundary in the geological past. These 
processes probably could also contribute to the formation of terrace-like 
slope irregularities on the escarpment representing the substrate for the 
subsequent deposition of the shallower drift (e.g. Hernández-Molina 
et al., 2010; Preu et al., 2013). 

The acoustic structure of the deeper drift (depth ~ 3700 m) is quite 
similar to the lower unit of the first drift The small local depression in the 
upslope part of the drift marks the initiation of a moat formation 
(Fig. 3c,d). A small terrace-like feature of the basement served as a 
substrate for the drift formation in this particular part of the escarpment. 

Core AI-3681 was retrieved from the N-S oriented depositional body 
at the foot of the São Paulo Plateau (Fig. 4c) showing an along-slope 
elongation, mounded geometry, and a lack of any clear downslope 
feeding system, which taken together allow us to interpret this feature as 
a separated mounded drift. However, we have no data to confirm its 
contourite nature. 

6.1.1.2. Sediment characteristics. The range of sedimentary features 
observed in cores from this region also supports a contourite interpre
tation (Figs. 7, 9), following well-documented criteria (Stow et al., 2002; 
Stow and Faugères, 2008; Rebesco, 2005; Rebesco et al., 2014; Stow and 
Smillie, 2020). There is a general absence of primary sedimentary 
structures, except for some layering, thin discontinuous sandy and sandy 
silt lamination, sharp erosional contacts and distinct hiatuses. Bio
turbation is common and ubiquitous throughout. The sediment texture 
shows dominance of clayey silt and silt, with localized silty sand and 
sand grade. Sorting is generally poor. The sediment composition is 
mixed terrigenous-biogenic, indicative of both supplies from the land 
and biogenic pelagic input. There is a bi-gradational sequence from 
clayey silt to sandy silt especially evident in the lower part of core AI- 
3153 (Fig. 7), and interpreted as long-term variations in bottom cur
rent speed and/or sediment supply. Similar bi-gradational sequences are 
noted in many contourite successions worldwide (Gonthier et al., 1984; 
Gauchery et al., 2021b). The stiff mud horizons within otherwise soft 
sediments found in all eight cores possibly mark hiatuses associated with 
winnowing and hardening of the substrate. Relative enrichment of such 
horizons in terrigenous coarse silt and sand revealed by smear slide 
examination (e.g. at 45 cm in core AI-3154 and 190 cm in core AI-3153, 
Figs. 7 and 9) possibly suggests an increase in bottom current intensity. 
The presence of the brownish bands over some of these horizons (like at 
~370 cm in core AI-3681) indicates that they may represent past 
oxidized ferruginous surface layers buried into reduced (gray) sediments 
(Fig. 9). We hypothesize that other reduced (dark gray) interlayers also 
represent past surface layers which are reduced during diagenesis. Note 

Fig. 10. Graphs of the terrigenous SS content in the fraction <63 μm versus SS 
mean size for the samples from the Santa Catarina Plateau – São Paulo 
Plateau area. 
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Fig. 11. Lithology, sediment sorting and mean particle size versus depth in four cores from the Ioffe Drift and core AI-3321 from the Rio Grande Rise.  
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the stiff mud horizons are characterized by cloddy texture and enrich
ment with sand, as present oxidized surface layers. If so, the stiff mud 
horizons mark episodes of slowing down sedimentation rates or even 
short-term hiatuses. Clay clods apparently disintegrate during ultra
sound treatment of samples prior to grain size analysis and thus traces of 
the primary cloddy texture disappear in the analytical results. 

From all eight cores studied, a very high correlation coefficient of 
0.91–0.98 between SS content in the total < 63 μm size fraction and SS 
in the terrigenous part of sediment (Fig. 10) indicates sediment sorting 
by bottom currents according to McCave et al. (2017). The common 
presence of hiatuses, minor erosional contacts, stiff mud horizons, and 
intervals of very slow sedimentation or even non-deposition, are all 
indicative of short-term variations in depositional processes (e.g. bottom 
current speed), which are typical of contourite systems (Hollister and 
McCave, 1984; Rebesco, 2005; Stow and Faugères, 2008; McCave et al., 
2017; Stow et al., 2019). Recently, the intervals of very fast contourite 
accumulation during the post-glacial time were documented from the 
shallow-water Mediterranean sites (Rovere et al., 2019; Gauchery et al., 
2021b). 

Although one of the sediment sources for the Santa Catarina - São 
Paulo Plateau CDS might be fine-grained upper suspension of turbidity 
currents from the Cananéia canyon, via a pirating process as invoked by 
several previous authors (e.g. Stow and Smillie, 2020), the terrigenous 
material is ultimately deposited from bottom currents as contourites. 
Any evidence of turbidites is absent in our cores. The distribution of 
turbidites from the canyon is likely restricted to a narrow fan in front of 
the canyon mouth, which is located far from our core sites. 

The generally higher sedimentation rates during MIS 2 and 4 as 
compared to MIS 1, 3 and 5 (Fig. 9) suggest an enhanced bottom currents 
intensity during the glacials. However, this assumption is not directly 
supported by the grain size data which do not show a clear glacial- 
interglacial variability pattern (Fig. 7). Meantime, the occurrence of 
stiff mud horizons at the MIS 2/MIS 1 boundary (Fig. 9) pointing to the 
stronger bottom water hydrodynamics at the Termination I is in line 
with a significantly more vigorous deep Southern Ocean circulation 
inferred by Du et al. (2020) from the authigenic neodymium isotope 
records. Besides, an increase in bottom-currents speed in combination 
with sea level rise and consequently restricted clastics supply to the deep 
sea might lead to a reduced sediment accumulation in the terrigenous 
contourite system. 

The part terrigenous composition and sedimentation rates up to 5–9 
cm/ky (Fig. 9), which are higher than the norm for open ocean pelagic/ 
hemipelagic sedimentation, possibly indicate the involvement of supply 
by downslope gravity processes into the sediment accumulation 
controlled by contour bottom currents. Similarly, an involvement of 
downslope processes into the contourite accumulation was previously 
mentioned along continental margins, e.g. in the relatively shallow parts 
of the Mediterranean area (Miramontes et al., 2016; Gauchery et al., 
2021a, 2021b). In addition, the climatically-controlled biogenic 
component seems to be diluted by the terrigenous one in parts of the 
section, which is consistent with the water depth above the calcite 
saturation depth (at 3750 m in the area according to Chung et al. (2003) 
for most of the cores studied (Table 1). Terrigenous supply may include 
significant river discharge from the La Plata (Krastel et al., 2011; Razik 
et al., 2013; Perez et al., 2016) and Rio Doce (Gingele et al., 1999) rivers. 
At present, these river mouths are 1100–1460 and 1000–1300 km away 
from the SCP, respectively. The material from the Rio de la Plata is 
supposed to be transported by LCDW and AABW, whereas terrigenous 
sediments from the Rio Doce seem to be supplied by SACW and TW 
along the coast to the south and by the recirculated branch of AAIW to 
the deep sea areas (Fig. 1a). 

Sedimentation rates are higher in the southern cores (AI-3435, AI- 
2443 and AI-3154) than from the northern cores (AI-3153, AI-3434, 
AI-3681 and AI-3152). The southern region is also noted for the occur
rence of giant sediment waves (Borisov et al., 2020) suggesting active 
bottom-water hydrodynamics. Oceanographic measurement and 
modeling show bottom current speeds up to 30 cm/s, with variable di
rections (Frey et al., 2018; 2022), in this area. This is compatible with 
local erosion, hiatuses and sandy/silty intervals, as well as with sedi
ment wave formation. 

Furthermore, the initial basement highs and depressions underlying 
the muddy sediments in the southern part of the Santa Catarina Plateau 
(Jeck et al., 2019) might favor the spatial heterogeneity of bottom 
currents in terms of their speed and direction (e.g. Merrifield et al., 
2001; Maldonado et al., 2005) thus contributing to the variability we see 
in the sediment record. 

6.1.2. The Ioffe Drift –Rio Grande rise area 

6.1.2.1. Morpho-seismic features. The Ioffe Drift is an asymmetric lens- 

Fig. 12. Ternary diagrams (according to Shepard, 1954) of the bulk grain-size distribution in the sediment cores from (a) Ioffe Drift, (b) Rio Grande Rise.  
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like mounded depositional body (Ivanova et al., 2016a, Borisov et al., 
2021). The overall geometry, orientation, erosional and depositional 
features expressed in the body morphology, the shape of the seismic 
units, and internal unconformities indicate that the studied sediment 

body can be classified as a mounded contourite drift (Fig. 5). The 
small-scale erosional features on the drift surface (Fig. 5f) initially 
defined as moats (Borisov et al., 2021) can be also interpreted as scours 
formed around mounded outcrops of the crustal basement (or ancient 
deposits) under the influence of bottom currents. Scours and marginal 
valleys around topographic obstacles are well known and widely 
distributed contouritic features (Rebesco and Stow, 2001; Hernández-
Molina et al., 2008; Rebesco et al., 2014; Eberli and Betzler, 2019). The 
velocity of the water flow increases around such obstacles and the Co
riolis force deflects the flow toward the outcrop (to the left, in the 
Southern Hemisphere). This process resulted in the formation of such 
erosional features at the base of the mounded outcrops. The relative 
positions of the moats (south of the mounds) imply an easterly direction 
of the bottom current, which corresponds to the suggested direction of 
the LCDW current in this area (Frey et al., 2018). 

Six sediment cores were retrieved from the uppermost parallel 
stratified unit overlying a well-defined angular unconformity (especially 
evident at site AI-3318) suggesting a marked erosional event. The high- 
resolution seismic profiles demonstrate a sediment wave field to the 
WSW of the drift, where core AI-3319 was retrieved (Fig. 5d), i.e. be
tween the drift and Vema Channel. 

6.1.2.2. Sediment characteristics. The sediment cores recovered from 
the Ioffe Drift and Rio Grande Rise are highly calcareous. The region is 
far from any source of terrigenous sediment (see Table 1, Fig. 1) and is 
therefore supplied almost entirely by pelagic biogenic material. The 
deeper calcite saturation depth of about 4000 m in this region, compared 
to ~3750 m in the Santa Catarina area (Chung et al., 2003), and the 
deeper foraminiferal lysocline of about 4050 m (Melguen and Thiede, 
1974) also favor preservation of calcareous sediment. 

However, the sediments still share many characteristics that are 
typical of mixed terrigenous-biogenic contourite systems (Rebesco, 
2005; Rebesco et al., 2014; Stow et al., 2002; Stow and Faugères, 2008; 
Stow and Smillie, 2020). These include: an absence of primary sedi
mentary structures, common bioturbation, poor to very poor sorting, 
sediment layering (in some cases) and erosional contacts call on the 
contourite origin of the Ioffe Drift sediments. On the Rio Grande Rise, 
the calcareous sediments are almost completely composed of biogenic 
sand fraction, whereas on the Ioffe Drift summit the sediments are 
generally finer-grained, but with some biogenic sandy intervals. This 
may be due to the difference in water depth, ~ 3800 m for the Ioffe Drift 
compared with ~1300 m for the Rio Grande Rise (Table 1), which has 
affected the relative bottom current energy. In core AI-3320 from the 
summit of Rio Grande Rise, the strong dominance of sand fraction and 
better sorting reflect the action of vigorous bottom currents winnowing 
and removing the silt/clay fraction. 

The attempt to use a modified sortable silt proxy for these carbonate- 
rich sediments had a mixed result (Fig. 13). The correlation coefficient 
between the SS content in the <63 μm size fraction and SS mean size 
ranges from relatively high in some cores (0.9) to very low in others 
(0.3). These relatively low values (0.3–0.9 or 0.69–0.9 if a shallow core 
AI-3320 is not taken into account, Fig. 13) compared to the terrigenous 
sediments from the Santa Catarina Plateau – São Paulo Plateau area 
(0.91–0.98) are probably a specific feature of calcareous contourites. 
They reflect a more constant SS mean size relative to more variable SS 
content in the <63 μm size fraction (Fig. 13). We argue that this finding 
suggests another source of SS fraction in the drift sediments along with 
its in situ setting from the nepheloid layer (commonly consisting of 
nannofossils) (Murdmaa et al., 2021b). It might indicate a distant 
transport (lateral advection) of already sorted material, mostly forami
niferal fragments of about 30 μm mean size, to the drift area. These 
fragments are likely transported together with nannofossils by turbulent 
flow from the Vema Channel or from the western slope of the Rio Grande 
Rise and then settle from suspension in the bottom-water layer of the 
LCDW gyre located above the Ioffe Drift summit (Fig. 2b). Besides, a 

Fig. 13. Graphs of the bulk SS content in the fraction <63 μm versus SS mean 
size for the samples from the Ioffe Drift (a,b), Rio Grande Rise (c). 
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Table 3 
Accelerator mass spectrometry (AMS) 14C dates and calibrated ages. The calibration is based on CALIB 8.2 (Stuiver et al., 2021).  

Core Laboratory code Depth, cm Dated material Radiocarbon age, years Calibrated calendar age range (±1σ), years BP Calendar age*, years BP Reference 

Southern São Paulo Plateau area 
AI-3152 Poz-71,477 6–7 mixed planktic foraminifers 5265 ± 35 5348–5516*** 5432*** Ovsepyan and Ivanova, 2019 
AI-3152 Poz-79,022 16–17 mixed planktic foraminifers 8590 ± 40 8955–9134*** 9045*** Ovsepyan and Ivanova, 2019 
AI-3152 Poz-83,877 75–76 mixed planktic foraminifers 20,020 ± 130 22,958-23,322*** 23,140*** Ovsepyan and Ivanova, 2019 
AI-2563 Poz-71,474 7–8 mixed planktic foraminifers 5770 ± 35 5899–6068 5984 This study 
AI-2563 Poz-79,020 17–18 mixed planktic foraminifers 8840 ± 40 9276–9430 9353 This study  

Santa Catarina Plateau 
AI-3153 Poz-103,403 16–17 mixed planktic foraminifers 9240 ± 50 9694–9944 9819 This study 
AI-3154 Poz-103,405 6–7 mixed planktic foraminifers 4800 ± 35 4797–4960 4879 This study 
AI-3435 Poz-103,387 5–6 mixed planktic foraminifers 5110 ± 35 5167–5363 5265 This study 
AI-3435 Poz-103,388 15–16 mixed planktic foraminifers 8970 ± 50 9403–9543 9473 This study  

Ioffe Drift 
AI-3318 Poz-71,478 10–11 mixed planktic foraminifers 33,140 ± 580 36,138-37,582 36,860 Ivanova et al., 2020 
AI-3318 Poz-71,479 20–21 mixed planktic foraminifers >46,000 – – Ivanova et al., 2020  

Río Grande Rise 
AI-3320 Poz-71,475 5–6 mixed planktic foraminifers 42,000 ± 2000** 42,574-45,557 44,066** This study 
AI-3320 Poz-71,476 25–26 mixed planktic foraminifers 27,350 ± 220 30,450-30,919 30,685 This study 
AI-3321 Poz-71,467 10–11 mixed planktic foraminifers 13,420 ± 70 15,186-15,463 15,325 This study 
AI-3321 Poz-71,468 20–21 mixed planktic foraminifers 22,050 ± 130 25,280-25,624 25,452 This study 

Notes 
Poz - Poznan Radiocarbon Laboratory. 

* Mean value of ±1σ range. 
** Age reversal (not used in the study). 
*** Re-calibrated using MARINE20 calibration curve and CALIB 8.2 software. 
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specific shape, chemical composition and density of biogenic calcareous 
particles (Eberli and Betzler, 2019) might affect the correlation coeffi
cient between SS content of sortable silt in the total < 63 μm size fraction 
and SS mean sizes in calcareous contourites. 

We assume that after settling onto the bottom and total decay of 
primary organic matter the biogenic particles (foraminiferal tests and 
coccoliths) behave like normal terrigenous material in the bottom cur
rent field. This is not quite true for intact water filled foraminiferal tests, 
which are more easily moved than terrigenous sand grains of the same 
size. However, they are almost all fragmented in our cores and therefore 
likely to behave according to their size and density (2.71 g/cm3, i.e. 
close to 2.65 g/cm3 in quartz). In this case, sortable silt proxy by McCave 
et al., 2017should be valid for these particles also. The SS range from 10 
to 63 μm applies only to planktic foraminiferal fragments, as the coc
coliths are much smaller. In fact, the high-calcareous contourites of the 
Ioffe Drift have up to 50% (or more) foraminiferal test fragments of SS 
size range. They seem to be derived from sites below the lysocline and 
transported to the sampling sites by bottom currents. The selective 
deposition of fragments depending on bottom current velocities repre
sents a typical contourite process. 

Whereas mixed terrigenous-biogenic contourite drifts, notably from 
the North Atlantic and Mediterranean, are commonly characterized by 
rather high sedimentation rates (e.g. 10–115 cm/ky or even higher: 
Robinson and McCave, 1994; Stow et al., 2013; Rebesco et al., 2014; 
Miramontes et al., 2016; Gauchery et al., 2021b), this is not the case for 
the Ioffe Drift and Rio Grande Rise where they are generally lower than 
1 cm/ky (Fig. 16), i.e. also significantly lower than in the Santa Catarina 
– São Paulo Plateau area (see Fig. 9). 

Our new cores refine the earlier interpretation of the hiatuses dis
tribution in the Ioffe Drift area (Ivanova et al., 2016a, 2020, 2021). 

Whereas the hiatuses inferred from the abrupt changes in MS values and 
Ca/Al ratio are mainly concentrated in the Gelassian, from ~2.59 to 
~1.9 Ma, the biostratigraphic hiatuses are more typical of the Calabrian, 
from ~1.47 to 0.81 Ma (Fig. 15; Ivanova et al., 2021). The extensive 
distribution of hiatuses in the Ioffe Drift area provides a strong evidence 
for a contourite origin of the recovered Upper Pliocene – Quaternary 
sediments. Any significant impact of selective dissolution on sedimen
tation is considered unlikely (Ivanova et al., 2020; Murdmaa et al., 
2021b). This conclusion is supported by the data obtained from the 
fault-controlled channel at the base of the steep northern flank of the 
Ioffe Drift. Here, evidence in favor of erosion by bottom currents linked 
to the AABW is provided by the empty grabs from the deepest part of the 
channel, as they most likely bounced off a hard eroded substrate, as well 
as by the occurrence of ferromanganese nodules found at the seafloor in 
grab AI-3654 from its northern slope. The nodules are also reported from 
cores AI-2436, AI-3316 and AI-3318 (Ivanova et al., 2016a; Shulga et al., 
2021). 

Along with biostratigraphic data, the AMS 14C dating (Table 3) and 
core-to-core correlation using ln(Ca/Al) records show relatively low 
average sedimentation rates on the Rio Grande Rise (about 0.5 to 2.6 
cm/ky, Fig. 16), at a water depth of 3000 to 1000 m, and even lower 
rates on the Ioffe Drift summit, at water depth of 3750–3800 m (about 
0.3 cm/kyr). In turn, the correlation of ln(Ca/Al) and δ 18O records from 
core AI-3321 is considered to be robust and consistent with the previ
ously published correlation of %CaCO3 and oxygen isotope records from 
core CH115–88 (Jones et al., 1984). Besides, the previous study of the 
giant sediment cores from the western flank of the Rio Grande Rise 
revealed similar values of sedimentation rates, from 0.5 to 1 cm/ky 
(Johnson et al., 1984). The latter seems to result from the lower 
erosional activity of UCDW/NADW as compared to LCDW. All these 

Fig. 14. Correlation of biostratigraphic zones in cores from the Ioffe Drift and DSDP Site 516 (after Ivanova et al. (2020) and Ivanova and Dmitrenko (2021) with 
changes and additions). In DSDP Site 516, the zonations of Barash et al. (1983) on planktic foraminifers and Dmitrenko (1987) on nannofossils are used for the upper 
~10 m, while the zonation of Berggren et al. (1983a) is applied below using the zonal boundary ages from Wade et al. (2011) and Bergen et al. (2019). PF zones mean 
planktic foraminiferal zones. Assumed boundaries between zones and hiatuses are marked by dashed lines and undulated horizontal lines, respectively. Nominate 
taxa names: G. crass. hessi (viola) = G. crassaformis hessi (viola), G. mioc. = G. miocenica, D. alt. = Dentoglobigerina altispira, S. semin. = S. seminulina, G. tos. =
G. tosaensis, G. ocean. = G. oceanica, P. lacun. = Pseudoemiliania lacunosa, C. macint. = Calcidiscus macintyrei, D. brouw. = Discoaster brouweri, D. pentar. =
D. pentaradiatus, D. surcul. = D. surculus. 

E.V. Ivanova et al.                                                                                                                                                                                                                              



Marine Geology 449 (2022) 106835

21

values of sedimentation rates are close to the values <1 cm/kyr char
acteristic of the Vema Channel, according to Ledbetter (1979). 

It is very clear, therefore, that sedimentation rates for calcareous 
contourites in the Ioffe Drift – Rio Grande Rise area are much lower than 
for mixed terrigenous-bioclastic contourites of the Santa Catarina – São 
Paulo Plateau and lower than most terrigenous contourites globally. We 
infer three principal reasons: (1) the Ioffe Drift– Rio Grande area is 
presently located within oligotrophic zone with extremely low surface 
biological productivity; (2) the region is far distant from any significant 
supply of terrigenous material; and (3) the vigorous activity of bottom 
currents has caused multiple erosional and non-depositional hiatuses. 

As it was shown in Fig. 1a, the major branch of the LCDW/AABW 
outflow from the Vema Channel follows to the NE along the Flo
rianopolis Fracture Zone being conveyed along the narrow deep channel 
at the base of the Ioffe Drift northern slope. According to modeling re
sults (Frey et al., 2017, 2018), this flow deflects to the right creating an 
anticyclonic gyre above the drift summit. The gyre seems to possess 
more energy (Frey et al., 2018) than the return flow and gyre in the west, 
its erosional activity is likely also stronger, resulting in more common 
hiatuses on the Ioffe Drift. 

According to Turnau and Ledbetter (1989), by 2.6–2.5 Ma a signif
icant volume of southern-origin bottom water was introduced into the 
Rio Grande area. This timespan corresponds to the base of major 
erosional interval with numerous hiatuses in the Ioffe Drift cores, from 

2.51/2.59 to ~1.9 Ma (Fig. 15; Ivanova et al., 2020, 2021). This might 
be explained by a stronger or shallower LCDW/AABW flow at that time, 
as proposed by Barker et al. (1983) for the Rio Grande area. In turn, the 
southward NADW flow in the Vema Channel, most probably with lower 
velocities than the underlying LCDW (Ledbetter, 1986), has influenced 
contourite deposition during MIS 8 to MIS 1 on the western flank of the 
Rio Grande Rise. 

6.2. A comparison with other CDSs 

By now, several CDSs are investigated from different parts of the 
globe (e.g. Hernández-Molina et al., 2008, 2009; Hernández-Molina 
et al., 2008, 2009 Faugères and Stow, 2008; Rebesco et al., 2014). Our 
new data provide a significant contribution to the current contourite 
knowledge, notably in terms of the deep-water biogenic calcareous 
CDSs, their specific and common features relative to the terrigenous 
deep-water CDSs, and mechanisms of formation. It is noteworthy that 
the Santa Catarina Plateau – São Paulo Plateau and the Ioffe Drift CDSs 
document yet poorly known influence of bottom waters of the Southern- 
origin on the sedimentation in the Atlantic. 

The suggestion about variable bottom-current regime with periods of 
strong and weak bottom-current activity, demonstrated in our study, 
notably by the hiatuses, stiff horizons and erosion contacts associated 
with high hydrodynamics, is in line with the previous findings. The 

Fig. 15. Core correlation in the Ioffe Drift area based on ln(Ca/Al) and MS records and inferred hiatuses. The data are from Ivanova et al. (2020, 2021).  
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inferences about the bottom current dynamics and footprints were made 
in several studies based on seismic and/or sedimentological data from 
different CDSs, including the Argentine and Uruguayan Continental 
Margin (Hernández-Molina et al., 2009; Wilckens et al., 2021), Rockall 
Plateau (Sayago-Gil et al., 2010), Demerara Plateau (Tallobre et al., 
2016), Eirik Drift (Davies et al., 2021), Maurice Ewing Bank (Najjar
ifarizhendi and Uenzelmann-Neben, 2021), Mozambique Channel 
(Breitzke et al., 2017) and others. 

According to Global contourite distribution database (Flanders Ma
rine Institute et al., 2019), the contourite system on the Santa Catarina 
Plateau is a part of the Argentine slope CDS (http://marineregions.org/ 
mrgid/30258) which also includes several giant drifts and sediment 
wave fields in the Argentine Basin, suitable for comparison. Sediment 
waves in the abyssal part of the Argentine Basin and those on the Santa 

Catarina Plateau show a number of similarities. They cover surfaces of 
large-scale drifts (Zapiola, Argiro, Ewind drift and Santa Catarina drift, 
respectively) (e.g., Ewing and Lonardi, 1971; Flood et al., 1993; Jeck 
et al., 2019). Areas of buried (not active) and non-buried (active) waves 
were found in both areas. The waves have comparable dimensions. They 
have typical heights of 25–30 m (up to 150 m) at wave lengths of 5–6 km 
(up to 10 km) in the Argentine Basin (Klaus and Ledbetter, 1988; Flood 
and Shor, 1988; Manley and Flood, 1993) and heights of 15–30 m (up to 
60 m) at wave lengths of 2–4 km on the SCP (Borisov et al., 2020). The 
main difference is in the wave morphology and sedimentation rates. The 
wave field on the SCP is dominated by symmetric sediment waves 
without evidence of migration (Borisov et al., 2020). The average 
sedimentation rates in this area are generally lower than in the Argen
tine Basin, but close to one on the downslope wave flanks on the Zapiola 

Fig. 16. Correlation of cores AI-3320 and AI-3321 from the Rio Grande Rise versus the oxygen isotope record LR05 (Lisiecki and Raymo, 2005). Cores AI-3320 and 
AI-3321 are correlated based on ln(Ca/Al) and volume magnetic susceptibility (MS, note reverted scale) records. Marine isotope stages and average sedimentation 
rates are indicated by numbers. The calibrated AMS 14C dates from Table 3 are also shown. 

E.V. Ivanova et al.                                                                                                                                                                                                                              

http://marineregions.org/mrgid/30258
http://marineregions.org/mrgid/30258


Marine Geology 449 (2022) 106835

23

Drift (2–10 cm/kyr) (Jones, 1994). Sedimentation rates on the deposi
tional wave flanks exceed 30 cm/kyr (Flood et al., 1993; Ledbetter, 
1993). These differences can be explained by the strong variability of 
current speeds and directions on the SCP (Speer and Zenk, 1993; 
McDonagh et al., 2002; Frey et al., 2018) resulted in alternated depo
sition on different wave flanks (Borisov et al., 2020) and formation of 
short-term hiatuses. 

The evidence of strong winnowing and reworking under high-energy 
conditions is provided by the siliciclastic sandy contourites, represented 
by well-sorted very fine to coarse sand occurring on the upper conti
nental slope of the Mozambican margin, at about 300 m water depth (de 
Castro et al., 2021). The shallow-water bioclastic sandy and muddy 
contourites on the eastern flank of the Corsica Trough (at 370 m water 
depth) also suggest intermittent depositional conditions (de Castro et al., 
2021). The strong winnowing by bottom currents here can be likely 
compared to the processes at the Rio Grande Rise summit demonstrated 
by the sediment composition and grain size data from our core AI-3320 
(Figs. 11-13) since the Corsica sandy contourites also consist mostly of 
foraminiferal tests. 

As many other carbonate drifts, the Ioffe Drift is located on the iso
lated buildup representing an obstacle for the currents (e.g. Mullins 
et al., 1980; Chabaud et al., 2016; Eberli and Betzler, 2019). One third of 
the known carbonate contourite depositional bodies (incl. Ioffe Drift) 
are elongated mounded drifts. The Ioffe Drift dimensions are compara
ble to drifts from the Little and Great Bahama Bank (e.g., Tournadour 
et al., 2015; Chabaud et al., 2016) and Marion Plateau (e.g., Eberli et al., 
2010). The main distinguishing features of the drift are much greater 
water depth of the location, negligible sea-level influence on sediment 
source and composition and long-term hiatuses. 

Unlike several other systems, notably from the North Atlantic (e.g. 
Hernández-Molina et al., 2008; Faugères and Stow, 2008; Rebesco et al., 
2014), the CDSs from this study are characterized by rather low sedi
mentation rates. This is especially true for the calcareous sediments of 
the Ioffe Drift and partially for the Rio Grande Rise (Fig. 16) while the 
higher average rates are typical of the Santa Catarina Plateau – São 
Paulo Plateau contourites. On the one hand, this limits the paleo
ceanographic value of the studied CDSs, but, on the other hand, it en
ables a deeper penetration of our records into the geological time, 
notably on the Ioffe Drift. 

7. Conclusions 

Based on high-resolution seismic records, seafloor morphology and 
sediment/stratigraphic analyses from relatively short cores, a series of 
contourite drifts, sediment wave fields and erosional channel elements 
are identified in the South Atlantic Ocean near the northern exit of the 
Vema Channel. Two regions have been studied in detail: (1) the Santa 
Catarina Plateau – São Paulo Plateau area; and (2) the Ioffe Drift – Rio 
Grande Rise area. 

The CDSs in the Ioffe Drift and Santa Catarina Plateau – São Paulo 
Plateau areas formed under the influence of a strong LCDW/AABW 
outflow from the Vema Channel, with variable bottom current speeds up 
to 30 cm/s according to Frey et al. (2018, 2022). A sediment wave field 
and mounded elongate contourite drift on the Santa Catarina Plateau 
along with a small contourite patch drifts on the southern escarpment of 
the São Paulo Plateau have developed under the influence of an anti
cyclonic gyre of LCDW, created from the westward branch of the 
outflow. In the Ioffe Drift area to the NE of the northern exit from the 
channel, another anticyclonic LCDW gyre controlled extensive erosion 
and reworking of contouritic sediments along with their lateral transport 
and accumulation. At a higher level in the water column, the southward 
flow of NADW through the Vema Channel favored contourite deposition 
on its eastern border, on the western flank of the Rio Grande Rise. 

In the Santa Catarina Plateau – São Paulo Plateau area, the Middle 
Pleistocene to Holocene sediments show a range of characteristics 
typical of terrigenous contourites: (1) a lack of primary sedimentary 

structures, apart from some sharp erosional contacts, silty-sandy layers, 
stiff mud horizons, and indistinct bedding, (2) pervasive bioturbation, 
(3) mostly fine (silty) grain-size, very poor sorting, and distinctive bi- 
gradational sequences up to silty sand and sand size; (4) a high degree 
of correlation between the SS content of sortable silt in the total < 63 μm 
size fraction and SS mean sizes in all eight cores studied; and (5) a mixed 
terrigenous-biogenic composition, reflecting part hemipelagic input and 
part downslope sediment supply. 

In the Ioffe Drift area, the calcareous contourite origin of the Upper 
Pliocene – Quaternary biogenic ooze is documented by the seismic 
structure of the upper sediment cover, pervasive bioturbation, bi- 
gradational sequences, poor to very poor sorting, missing and reduced 
thickness of biostratigraphic zones, and multiple hiatuses. It is also 
supported by rather high correlation coefficients between the apparent 
SS content of sortable silt in the total < 63 μm size fraction and SS mean 
sizes in four of six cores studied. Overall, these findings suggest vigorous 
LCDW/AABW outflow from the Vema Channel along the Florianopolis 
Fracture Zone and/or periodic events of high and variable bottom- 
current velocities leading to erosional events and hiatuses. 

Although the mostly terrigenous (mixed composition) and calcar
eous (biogenic) contourites documented from the study areas differ in 
the sediment composition, both types are characterized by the occur
rence of erosional contacts and hiatuses, layering (in some cases), 
pervasive bioturbation, mostly poor to very poor sorting, and more or 
less well-developed bi-gradational sequences. The terrigenous con
tourites are generally finer-grained and with a distinctive layering in 
parts. They demonstrate a marked glacial/interglacial stratigraphy, with 
greater biogenic accumulation during the sea-level highstands. The de
gree of correlation between content and mean size of SS in the fraction 
<63 μm as well as average sedimentation rates are higher in terrigenous 
contourites as compared to calcareous ones. Calcareous contourites 
contain ferromanganese nodules and more numerous erosional hiatuses. 
Calcareous contourites develop only above the lysocline. 

Data availability 

The data used in this paper are lodged with the Mendeley data 
repository:  

- Ca/Al ratio in sediments from the Santa Catarina Plateau and the 
Ioffe Drift: https://doi.org/10.17632/ck58w4rstv.1  

- Benthic oxygen isotopes from core AI-3321, Rio Grande Rise: 
https://doi.org/10.17632/pscjjb2gtz.1  

- High-resolution seismoacoustic (sub-bottom) records from the Santa 
Catarina Plateau and the Ioffe Drift: https://doi.org/10.17632/zmp 
yrmvr66.1  

- Volume magnetic susceptibility of sediments from the Ioffe Drift 
(South Atlantic): https://doi.org/10.17632/r59prx6dg6.1  

- Mean particle size and sorting in sediments from the Santa Catarina 
Plateau and the Ioffe Drift: https://doi.org/10.17632/wyg 
x9rtmwr.1 

The detailed biostratigraphy of six Ioffe Drift's sediment cores is 
provided in Ivanova and Dmitrenko (2021), while the oxygen isotope 
data of the São Paulo’ reference core AI-3152 (Ovsepyan and Ivanova, 
2019) is available at https://doi.org/10.1016/j.palaeo.2018.10.031. 
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Ballesteros, M., Stow, D., 2019. Contourites along the Iberian Continental Margins: 
Conceptual and Economic Implications. Geol. Soc. Lond., Spec. Publ. https://doi. 
org/10.1144/sp476-2017-46. 

Loncke, L., Droz, L., Gaullier, V., Basile, C., Patriat, M., Roest, W., 2009. Slope 
instabilities from echo-character mapping along the French Guiana transform 
margin and Demerara abyssal plain. Mar. Pet. Geol. 26, 711–723. https://doi.org/ 
10.1016/j.marpetgeo.2008.02.010. 

Lovell, J.P.B., Stow, D.A.V., 1981. Identification of ancient sandy contourites. Geology 9, 
347. https://doi.org/10.1130/0091-7613(1981)9<347:IOASC>2.0.CO;2. 

Maestro, A., Gallastegui, A., Moreta, M., Llave, E., Bohoyo, F., Druet, M., Navas, J., 
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accumulation off the Vema Channel mouth, southern Brazil Basin: pattern of a 
“contourite fan”. Sediment. Geol. 82, 173–187. https://doi.org/10.1016/0037-0738 
(93)90120-T. 
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