Marine Geology 427 (2020) 106223

Contents lists available at ScienceDirect

Marine Geology
journal homepage: www.elsevier.com/locate/margo
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In the southern oceans, only a few cold-water coral mound sites have so far been reported compared to the
extensively surveyed North Atlantic. Here, we document for the ﬁrst time the widespread occurrence of exposed
and buried coral mounds at the northern Argentine margin named Northern Argentine Mound Province (NAMP).
The integration of multibeam bathymetry, sediment echosounder, Acoustic Doppler Current Proﬁler (ADCP),
and CTD data allowed the characterisation of its morphosedimentary, stratigraphic, and hydrodynamic setting.
The NAMP, covering at least 2000 km2, represents the largest coral mound province in terms of areal extent
reported so far and a major site in the southern oceans. The coral mound distribution is directly linked to
morphosedimentary features of the regional Contourite Depositional System (CDS) inﬂuenced by the Antarctic
Intermediate Water (AAIW), the Upper Circumpolar Deep Water (UCDW), and their interface, forming a complex
bottom-current-controlled environment here termed Coral-Contourite System. Coral mounds are most abundant in
the lower AAIW between 900 and 1050 m, just above the Ewing Terrace Moat, which has been shaped by highvelocity currents associated with the AAIW-UCDW boundary. This clustering appears to be the result of an
increased concentration of suspended sediment and food particles, transported along the AAIW-UCDW density
gradient and delivered upward by turbulent hydrodynamic processes, which are enhanced by the irregular moat
topography. Within the Ewing Terrace Moat, coral mounds are restricted to topographic obstacles, modifying the
otherwise highly erosive, destructive hydrodynamic regime and thereby locally creating favourable conditions
for coral growth. The low-velocity currents of the UCDW, currently inﬂuencing the Ewing Terrace, promote
extensive contourite deposition, which has led to a progressive demise and burial of pre-existing mounds. The
presence of these buried mounds suggests past mound aggradation 100 to 150 m deeper likely due to a
downward shift of the AAIW during glacials as a consequence of sea-level lowering. Overall, the mound formation in the NAMP seems to be mainly controlled by the availability of suspended particles, in combination
with a suﬃcient bottom-current strength, keeping material in suspension while preventing destructive erosion
and excessive sedimentation.
Our study highlights (1) the importance of high-energy processes at water-mass boundaries for the delivery of
sediment and food particles to corals, (2) the role of the AAIW as a crucial water mass for coral mound development, (3) the variability of mounds in response to glacial-interglacial cycles, and (4) the potential of CDSs
in general and the Argentine margin in particular as hotspots for coral mounds and, thus, ideal site for future
studies.
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Fig. 1. Overview map of the oceanographic and
morphological setting at the northern Argentine
margin. (A) Illustration of the bottom water-mass
distribution with the Antarctic Bottom Water
(AABW), Lower Circumpolar Deep Water (LCDW),
Upper Circumpolar Deep Water (UCDW), Antarctic
Intermediate Water (AAIW), North Atlantic Deep
Water (NADW), and Brazil Current (BC) as adapted
from Preu et al. (2013). The BC conveys the Tropical
Water and South Atlantic Central Water (SACW),
while the Malvinas Current transport sub-Antarctic
waters with primary contributions of AAIW and
UCDW. Our working area (black square, Fig. 2) is
located in the inﬂuence range of the AAIW and
UCDW. The grey dots indicate the stations used for
the calculation of the (B) salinity (Zweng et al.,
2013) and (C) oxygen (Garcia et al., 2014) transects
with Ocean Data View (Schlitzer, 2018).

1. Introduction

meters to more than 300 m and often cluster in provinces covering
several tens of square kilometres (De Mol et al., 2002; Freiwald, 2002;
Mienis et al., 2006; Hebbeln et al., 2014). Due to their rapid growth and
longevity, coral mounds represent valuable high-resolution records of
past climate and oceanographic changes (e.g. Dorschel et al., 2005;
Rüggeberg et al., 2007; Frank et al., 2009; Fink et al., 2012; Thierens
et al., 2013). While extensive seaﬂoor-mapping activities since the 90s
have documented the widespread occurrence of coral mounds in the
North Atlantic (e.g. Henriet et al., 2014; Hebbeln and Samankassou,
2015; Wienberg and Titschack, 2017), only few coral mound sites have

Cold-water corals (CWCs) create unique, yet very vulnerable deepsea biodiversity hotspots present in all of the world’s oceans (Henry and
Roberts, 2007; Roberts and Cairns, 2014). On geological timescales,
scleractinian CWCs can form remarkable seabed structures – known as
CWC mounds (henceforth referred to as coral mounds) – by baﬄing and
entrapping suspended sediment within their framework (De Mol et al.,
2002; Kenyon et al., 2003; van Weering et al., 2003; Huvenne et al.,
2009a; Foubert et al., 2011). These features vary in height from a few
2
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thereby creating the Brazil-Malvinas Conﬂuence (BMC; Gordon and
Greengrove, 1986). The intermediate and deep circulation (> 500 m
water depth) is governed by the complex interaction of the southwardﬂowing North Atlantic Deep Water (NADW) with Antarctic water
masses including the Antarctic Intermediate Water (AAIW, ~500 –
1000 m), the Circumpolar Deep Water (CDW, ~1000 – 3500 m), and
the Antarctic Bottom Water (AABW, > 3500 m) (Fig. 1) (Reid Jr. and
Patzert, 1977; Stramma and England, 1999). The NADW penetrates into
the CDW, thereby vertically dividing it into the Upper and Lower CDW
(UCDW and LCDW, respectively) (Reid Jr. and Patzert, 1977; Piola and
Matano, 2001; Arhan et al., 2003). South of the BMC, the AAIW and
CDW ﬂow northward as part of the Malvinas Current, while north of the
conﬂuence they participate in the basin-scale anticyclonic gyre circulation and therefore ﬂow southward along the upper slope and underneath the Brazil Current. Recent studies show that AAIW, UCDW, and
NADW participate in a strong northward recirculation located oﬀshore
of the southward ﬂowing limb (Valla et al., 2018). The analysis of nearbottom salinity and dissolved oxygen distributions has suggested
northward intrusions of AAIW along the upper slope and beyond the
BMC reaching ~31°S (Preu et al., 2013). Property distributions from
repeated hydrographic observations collected at 34.5°S (e.g., north of
the BMC, Valla et al., 2018) suggest that the northward ﬂow of AAIW
north of the BMC may be sporadic or associated with eddies.
Our study area is located in the inﬂuence range of the AAIW (~500
– 1000 m) and UCDW (1000 – 2000 m) (Hernández-Molina et al., 2009,
2010). The AAIW is characterized by a high dissolved oxygen content
(> 5.5 ml l-1, Fig. 1C), a distinct salinity minimum (< 34.3, Fig. 1B)
(Reid Jr. and Patzert, 1977; Piola and Matano, 2001), and high turbidity suggesting the presence of an intermediate nepheloid layer fed by
erosive processes (Voigt et al., 2013). In contrast, the UCDW is oxygenpoor (< 4.5 ml l-1, Fig. 1C) and salinity-rich (> 34.4, Fig. 1B) (Reid Jr.
and Patzert, 1977; Piola and Matano, 2001) with low turbidity indicating minor amounts of suspended material and, thus, a lower
transport capacity (Voigt et al., 2013).

so far been reported in the less explored South Atlantic, e.g. oﬀshore SW
Africa (Le Guilloux et al., 2009; Hanz et al., 2019; Tamborrino et al.,
2019), Uruguay (Carranza et al., 2012), Brazil (Viana et al., 1998;
Sumida et al., 2004), and southern Argentina (Muñoz et al., 2012).
Besides physico-chemical water-mass properties such as temperature, salinity, or oxygen concentration, a key environmental parameter
inﬂuencing the growth of CWCs and subsequent mound formation is the
bottom hydrodynamic regime (De Mol et al., 2002; Kenyon et al., 2003;
Wheeler et al., 2005; Dorschel et al., 2007; Mienis et al., 2007). Vigorous currents may (1) create erosive surfaces representing ideal substrate for CWC settlement (De Mol et al., 2002; Van Rooij et al., 2003;
Huvenne et al., 2009b), (2) deliver larvae for initial colonization (De
Mol et al., 2005; Dullo et al., 2008), (3) supply food particles allowing a
sustained CWC growth (Frederiksen et al., 1992; Mienis et al., 2007;
Raddatz et al., 2014), and (4) provide suspended sediment required for
mound aggradation (Dorschel et al., 2007; Titschack et al., 2015). Topographic features such as seamounts, shelf edges, or canyons, associated with a local ﬂow acceleration or turbulence, represent suitable
sites for coral mound aggradation through increased food and sediment
supply (Freiwald, 2002; Dorschel et al., 2007; Davies et al., 2009). Vice
versa, high-relief coral mounds themselves may locally amplify the
adjacent bottom currents, thereby creating turbulence and generating a
self-sustained setting (Cyr et al., 2016; Hebbeln et al., 2016). However,
other studies have also shown that a very strong current regime can
become destructive leading to mound erosion or non-aggradation
(Dorschel et al., 2005; Frank et al., 2009), whereas weak currents favouring sedimentation may lead to a burial and coral demise (Huvenne
et al., 2007; Rüggeberg et al., 2007; Brooke et al., 2009; Foubert et al.,
2011; Correa et al., 2012; Lo Iacono et al., 2014).
On a larger scale, a dynamic bottom-current regime signiﬁcantly
aﬀects the morphology and sediment distribution along continental
margins, generating large Contourite Depositional Systems (CDSs),
comprising both depositional and erosive features (Hernández-Molina
et al., 2008; Rebesco et al., 2014). The common dependency on a dynamic oceanographic setting results in a widespread co-existence of
coral mounds and contourites as found in the North Atlantic (Hebbeln
et al., 2016). In fact, coral mounds can modify the local hydrodynamic
regime resulting in contourite deposition and/or erosion in their immediate surroundings (Van Rooij et al., 2003; Foubert et al., 2011;
Hebbeln et al., 2016).
Although research on CWCs and associated mounds has grown rapidly in the past decades, our understanding of these vulnerable deepsea ecosystems is still incomplete due to geographic biases with focus
on the North Atlantic. Based on an echosounder dataset, this study
provides a ﬁrst assessment of a newly discovered giant coral mound
province and its relation to the adjacent CDS and oceanographic setting, thereby improving our knowledge about coral mounds in the
southern hemisphere. Our main objectives are to (1) describe the distribution and morphological types of the coral mounds, (2) establish a
detailed understanding of the depositional and erosive bedforms of the
CDS as well as their relation to bottom currents, (3) examine the inﬂuence of the large-scale morphosedimentary setting and hydrodynamic regime on the distribution of coral mounds, and (4) investigate
the temporal and spatial variability of the coral mound.

1.1.2. Geological and morphological context
The northern Argentine margin is part of the passive-volcanic rifted
continental margin of South America ranging from southern Brazil to
northern Patagonia (Franke et al., 2007). It is characterized by highly
dynamic depositional conditions due to a complex interaction of
alongslope and downslope processes (e.g., Hensen et al., 2003;
Riedinger et al., 2005, 2014, 2017; Henkel et al., 2011, 2012; Krastel
et al., 2011, 2013; Preu et al., 2012, 2013; Voigt et al., 2013, 2016;
Warratz et al., 2017, 2019). The tectono-volcanic crust is covered by a
thick tectonically undisturbed sedimentary succession of Cretaceous to
Cenozoic age (Hinz et al., 1999a, 1999b; Franke et al., 2007). Since the
Eocene-Oligocene boundary, potentially related to the opening of the
Drake Passage, the morphology of the Argentine margin has mainly
been controlled by the long-term action of Antarctic-sourced water
masses forming a large-scale CDS (Hinz et al., 1999a, 1999b; Franke
et al., 2007; Hernández-Molina et al., 2009, 2010; Violante et al., 2010;
Gruetzner et al., 2012, 2016; Preu et al., 2012). During that time, isostatic and tectonic processes have only had a minor inﬂuence on the
physiography of the northern Argentine margin (Hinz et al., 1999a,
1999b; Violante et al., 2014; Gruetzner et al., 2016).
Major morphosedimentary features of the CDS encompassing the
Argentine and Uruguayan margins are several contourite terraces often
in association with alongslope moats or channels and separated from
each other by steep erosive surfaces (e.g., Hernández-Molina et al.,
2009). The northern Argentine margin exhibits three erosional contourite terraces namely the La Plata (~400-500 m water depth), the
Ewing (~1100-1400 m water depth), and the Necochea (~3500 m
water depth) terraces, featuring contourite drifts at their seaward side
(Urien and Ewing, 1974; Hernández-Molina et al., 2009; Preu et al.,
2013). The La Plata Terrace is separated from the Ewing Terrace by a
steeper mid-slope erosive surface. The Ewing Terrace is associated with

1.1. Regional setting
1.1.1. Oceanography
The northern Argentine margin constitutes one of the most energetic regions in the world’s oceans (Chelton et al., 1990) caused by
the convergence of diﬀerent water masses formed in remote areas of the
world oceans (i.e., the North Atlantic, South Paciﬁc, and Antarctic regions) (Fig. 1) (Reid, 1989; Stramma and England, 1999). Near 39°S,
the southward-ﬂowing Brazil Current (BC), conveying Tropical Water
and South Atlantic Central Water (SACW), collides with the northwardﬂowing Malvinas Current, which transports sub-Antarctic waters,
3
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Fig. 2. Bathymetric Overview map of the working area with GEBCO grid in grey scale and the SO260 bathymetry grid (25x25 m) in rainbow scale (see Fig. 1 for
location). Major morphological features including the Ewing Terrace Moat, the Erosive Middle Slope, and the Ewing Terrace are indicated. Yellow stars show the
location of CTD stations. The contour line spacing is 50 m. Grey rectangles correspond to ACDP measurements for the transect in Fig. 9.

downslope sediment transport conduit (Fig. 2) (Krastel et al., 2011;
Preu et al., 2013; Voigt et al., 2013; Warratz et al., 2019). However,
additional evidence for mass-transport deposits outside of the canyon
such as the presence of headwalls and an associated chaotic facies with
a hummocky surface as identiﬁed oﬀshore Uruguay are only found
downslope of the Ewing Terrace at the next deeper terrace (Henkel
et al., 2011, 2012; Krastel et al., 2011; Preu et al., 2012, 2013).

an alongslope contourite channel at its landward side. The formation of
the La Plata and Ewing terraces was attributed to turbulent current
patterns and internal waves occurring at the BC-AAIW and the AAIWUCDW transition zone since the Middle-to-Late Miocene due to the
development of stronger currents after the Mid-Miocene climatic optimum (Hernández-Molina et al., 2009; Violante et al., 2010; Preu et al.,
2012).
The CDS is incised by several submarine canyons representing major
pathway for downslope transport and interacting with alongslope sedimentary processes (Hernández-Molina et al., 2009; Voigt et al., 2013;
Warratz et al., 2019). In our working area, the Mar del Plata Canyon,
originating on the Ewing Terrace in 1000 m water depth, acts as main

1.1.3. Cold-water corals
CWCs exist in all world’s oceans down to water depths of more than
3000 m (e.g., Zibrowius, 1980), while coral mounds have mainly been
identiﬁed in the North Atlantic, where they appear to be limited to
4
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beam to 26 m for the outermost beam for a water depth of 1000 meters.
Due to the equidistant beam spacing and the high density signal processing, the across-track resolution is 25 m constantly if the swath angle
is set to 140°, but higher when the swath angle is decreased (also calculated for 1000 m water depth). Water sound velocity proﬁles were
acquired during the survey with CTD probes as well as XSVs
(eXpendable Sound Velocimeter). Post-processing including automatic
and interactive editing as well as gridding was carried out using the
programs under GNU general public license MULTIBEAM SYSTEMS
(MB Systems). The resulting grids have cell sizes of 25x25 m (Figs.1, 2,
3A, 6) and 10x10 m (Fig. 3B-D). Areal-extent estimates are based on
convex hull calculations. Data analysis and visualization was done with
QGIS (QGIS Geographic Information System. Open Source Geospatial
Foundation Project.).

intermediate water depths between 50 and ~1000 m (Roberts et al.,
2009; Hebbeln and Samankassou, 2015). Along the northern Argentine
margin, coral colonies were spotted for the ﬁrst time at 1400 water
depth at 41°30’S (Ewing and Lonardi, 1971). More recently, fossil assemblages of the scleractinian coral Bathelia candida were reported from
sediment cores obtained from a local mound at 1300 and 1208 m water
depth near the head of the Mar del Plata Canyon (Bozzano et al., 2011).
Their development was assumed to be controlled by the presence of
hard substrates necessary for initial settlement and the high-energy
interface between the AAIW and UCDW, delivering larvae and providing nutrients (Laprida et al., 2014). Further south along the Patagonian margin, widespread CWC colonies with B. candida as most
abundant scleractinian species and Solenosmilia variabilis in minor
quantities were found on coral mounds in association with contourite
deposits between 300 and 1400 m water depth (Muñoz et al., 2012).
Their distribution was inferred to be governed by the Falkland/Malvinas Current, concentrating the food supply at the reef site (Muñoz
et al., 2012). Along the Uruguayan margin, coral mounds formed by the
scleractinian Lophelia pertusa were identiﬁed at relatively shallow water
depth between 167 and 326 m dominated by the SACW and AAIW
(Carranza et al., 2012). This site represents the southernmost Atlantic
record of L. pertusa (Davies and Guinotte, 2011). Additionally, a 40-kmlong coral mound ﬁeld was documented in the upper ﬂow of the AAIW
between 570 and 850 m water depth along the Brazil margin (Viana
et al., 1998; Sumida et al., 2004). The importance of the AAIW and its
boundaries with other water masses for the proliferation of CWCs was
also described for CWC settings in the North Atlantic (Van Rooij et al.,
2011; Matos et al., 2017).

2.3. ADCP
The hull-mounted ADCP measures Doppler shift at 38 kHz, providing real-time current velocity proﬁles in the water column continuously during the entire cruise. The ADCP was operated in a longrange narrowband mode conﬁguration; including 16 m bin depth, pulse
length and blank after transmit. The maximum range with this conﬁguration was < 1200 m, while the ﬁrst bin was centred at 38.3 m. The
presented dataset is the Long Time Average (LTA), which is the result of
time averaging the current velocity data into ensembles using a time
window of 600 seconds, including corrections for ship motion. In this
dataset, the maximum distance between ADCP ensembles is 460 m.
During post-processing, current velocity data and bin depth were corrected with water sound velocities obtained from CTD and XSV proﬁles.
Computer programs in Matlab were used to ﬁlter low quality data. To
estimate the possible impact of tidal currents on the ADCP observations,
the TPXO global tidal model (Egbert and Erofeeva, 2002) was used to
compute the barotropic tides during Jan-Feb/2018 at a point located in
the central part of the working area. The tidal current estimations were
relatively small (< 3 cm s-1) compared to the ADCP observations and
have thus been disregarded.
The reference axes were rotated 30.5° clockwise from the true north
based on the orientation of the moat to examine the along-moat (i.e.,
alongslope) current regime. The current velocity estimations in the
lower 15% of the water column are unreliable for interpretation due to
contamination by the seaﬂoor reﬂections; therefore, they were removed
from the analysis. However, to approximate the bottom-current current
regime, the time-averaged along-moat current velocities at 150 m
above the seaﬂoor (also referred to as near-bottom) in a 0.1° latitude x
0.1° longitude grid (Fig. 7) were examined. For a more detailed overview of the latitudinal variations of the near-bottom currents in the
moat, ﬂow velocities 150 m above the seaﬂoor within the moat for
smaller intervals of 0.05° of latitude (Fig. 8) were computed. The selection of the level 150 m above the seaﬂoor to represent the nearbottom ﬂow is based on the need to include enough data to properly
describe the current velocity distribution while avoiding possible contamination from bottom reﬂections. This seems a reasonable approximation since the vertical shear of the alongslope current velocities is
relatively low between 300 and 150 m from the bottom (Fig. 9) suggesting that no signiﬁcant current velocity changes occur in the 150 m
layer above the seaﬂoor.

2. Methods
This study is based on an echosounder dataset acquired along the
northern Argentine margin during RV SONNE cruise SO260 in January/
February 2018 (Kasten et al., 2019; Figs. 1, 2). The devices used include
a parametric sediment echosounder (Atlas PARASOUND P70), a
bathymetric multibeam echosounder (Kongsberg Simrad EM122), and
an Acoustic Doppler Current Proﬁler (Ocean Surveyor Teledyne RDI
ADCP). Additionally, we show CTD data for water-mass identiﬁcation.
2.1. PARASOUND
The PARASOUND system uses the non-linear parametric eﬀect,
which leads to the generation of the diﬀerence and sum of two highfrequency primary signals that are emitted into the water at very high
energy levels (Grant and Schreiber, 1990). During RV SONNE cruise
SO260, the primary frequencies were set to 18 and 22 kHz producing a
secondary (parametric) frequency of 4 kHz, which leads to a vertical
resolution of a few decimetres. As the secondary sound wave travels in
the narrow beam (4°) of the primary sound waves, a high lateral resolution of ~7% of the water depth can be achieved. The penetration of
the signal into the sub-seaﬂoor varies with the character of the sediments, however, in the study area a typical signal penetration of ~75 m
is observed (Figs. 3, 4, 5). Noise bursts were removed from the data by
applying a despike algorithm using VISTA Desktop Seismic Data Processing Software (Schlumberger). The Kingdom Software (IHS) was used to
calculate the data envelope in order to enhance reﬂector coherency for
visualization and interpretation. Conversions from two-way traveltime
(TWT) to depth were carried out using a constant sound velocity of
1500 m/s.

2.4. CTD
A Sea-Bird SBE 9.11 CTD proﬁler was deployed at 9 stations during
the RV SONNE cruise SO260 but only 3 of them were acquired in the
study area (Fig. 2) (Baumann et al., 2019). The CTD proﬁler was
equipped with sensors for temperature, conductivity, pressure (PSA
916), oxygen (SBE 43), chlorophyll concentration (Wet Labs ECO-AFL/
FL), turbidity (Wet Labs ECO-NTU) and altimeter. During stations data
were collected each second and averaged later by the CTD software

2.2. Multibeam
The Kongsberg EM122 system operates at 12 kHz with beam
opening angles of 0.5° along-track and 1° across-track. For each ping,
432 beams were recorded with a swath angle of up to 140°. This conﬁguration leads to an along-track resolution from 9 m for the inner
5
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Fig. 3. Detailed bathymetric maps, PARASOUND proﬁles (VE ~25), and sediment samples illustrating the general morphology and coral mound characteristics (for
location see Fig. 2). (A) 25x25 m bathymetric map showing the Ewing Terrace Moat with internal terraces, topographic highs, and depressions (scours) as well as the
Erosive Middle Slope and associated terrace scarps. (B)-(D) Bathymetric close-ups (10x10 m) of the diﬀerent mound types. (B) Isolated mounds located in the
contourite moat with the location of proﬁle GeoB18-034 and sampling station GeoB22715-1. (C) Mound clusters indicated by arrows occurring along the Erosive
Middle Slope with the location of proﬁle GeoB18-035 and sampling station GeoB22744-2. (D) Mound chains located in the contourite moat. (E) Proﬁle GeoB18-034
illustrating the acoustic characteristics of isolated mounds and (F) photo of box corer GeoB22715-1 showing abundant fragments of the coral B. candida in a siltysandy matrix. (G) Proﬁle GeoB18-035 illustrating the acoustic characteristics of mound clusters and (H) photo of box corer GeoB22744-2 showing a diverse
community of living soft and hard corals as well as fragments of B. candida.

parallel, continuous reﬂections (Fig. 4D). Below U1, another deeper
erosional surface (unconformity U2) was identiﬁed (Fig. 4D).

over a depth interval of 1 m. Salinity is expressed in Practical Salinity
Units (PSU) throughout the manuscript. The downcast data were used
to identify water masses (Fig. 10). Unfortunately, turbidity data were
not available due to calibration issues.

3.2. Exposed and buried mounds
3. Results

Throughout the study area, large quantities of mounds characterized by an (almost) acoustically transparent facies associated with diffraction hyperbolas and rooting on erosional surfaces were observed
(Figs. 3, 4). They were identiﬁed as elevated features above the seaﬂoor
(i.e., exposed mounds) and in the subsurface buried by continuous reﬂections (i.e., buried mounds) (Fig. 4).
The exposed mounds occur in a broad water depth range from ~580
to 1340 m reaching maximum water depths within the NE portion of
the moat, covering an area of ~1500 km2 (Figs. 3, 11). Based on their
geometry and dimensions, we were able to distinguish three diﬀerent
mound types. Mound clusters comprise numerous coalescing, low-relief
(< 10 m height above the base reﬂection) and narrow mounds characterized by strong diﬀraction hyperbolas masking the true shape of the
mounds (Fig. 3G, 4B). They occur mainly along the Erosive Middle
Slope in a water depth range between ~580 and 1100 m (Fig. 3C),
where they root on the MES (Figs. 3G, 4B). In contrast, within the moat,
we identiﬁed localized high-relief mound ridges and isolated circular
mounds representing mound chains (Fig. 3D) and isolated mounds
(Figs. 3B+E, 4C), respectively. Both types occur along topographically
elevated areas such as bathymetric highs or terrace scarps of the moat’s
complex upslope ﬂank and reach heights of up to 60 m above their base
reﬂections. The slope-parallel mound chains extend over several hundreds of meters to ~2 km alongslope and tens of meters in across-slope
direction (Fig. 3A+D). Isolated mounds show a conical geometry with
diameters ranging from several tens of meters to more than 250 m
(Fig. 3B). They frequently occur with an elongated shaped in an
alongslope alignment, starting to form a chain (Fig. 3D). Overall, the
Erosive Middle Slope hosts 85 % of all identiﬁed exposed mounds
mainly as low-relief mound clusters (Fig. 11). In fact, the majority of all
exposed mounds (70%) is located just above the moat between 900 and
1050 m water depth, with a decrease in density and number further
upslope (Fig. 11). In contrast, the contourite moat exhibit larger yet
fewer isolated mounds and mound chains (Fig. 11).
Buried mounds were identiﬁed downslope of the exposed mounds
on the Ewing Terrace in water depth between 1050 and 1150 m, covering an area of ~600 km2 in the SW sector of the working area
(Fig. 11). They root on U1 and show two diﬀerent internal acoustic
facies: Facies 1 is mainly acoustically transparent with prominent
mounds and few diﬀraction hyperbolas, whereas Facies 2 is acoustically
transparent-to-chaotic with a less pronounced mounded morphology
and almost no diﬀraction hyperbolas (Fig. 4D). The mean height above
the base reﬂection is ~6 m with a local maximum of 27 m (Fig. 11).
Hence, they can most likely be classiﬁed as mound clusters. The overlying reﬂections onlap onto the mounds and ﬁll the space between
them. Below U1, we identiﬁed another transparent unit with a locally
mounded morphology rooting on the erosive surface U2 potentially
representing another buried mound unit (Fig. 4D). This unit is overlain
by parallel, continuous reﬂections, which are truncated by U1 (Fig. 4D).

This study is based on an integrated analysis of bathymetric data,
covering a total area of ~6400 km2 between 550 and 1500 m water
depth (Figs. 2, 3), and ~2400 km of PARASOUND data of which we
show four representative proﬁles (Figs. 3, 4, 5). Additionally, we analysed ﬂow velocities and water-mass properties based on ADCP data
(Figs. 7, 8, 9) and 3 CTD stations (Fig. 10), respectively. The stratigraphic marker H1, representing the end of the Late Pliocene, was
derived from previous seismostratigraphic studies (Violante et al.,
2010; Preu et al., 2012).
3.1. Erosive and depositional features
The most prominent morphological feature of the working area is a
SW-NE trending slope-parallel moat located at the landward side of the
Ewing Terrace and, thus, here termed Ewing Terrace Moat (Fig. 2). It
starts in the SW at 38.7°S as shallow, narrow, and fragmented moat,
coincident with a deepening of the Ewing Terrace (Fig. 2). The moat
runs approximately along the 1000 m contour line with a slight deepening to ~1100 m in the NE, where it terminates in the Mar del Plata
Canyon (Fig. 2). The incision depth of the moat with respect to the
surrounding seaﬂoor increases towards the NE from < 100 m to ~250
m (Fig. 6). Similarly, its width increases from < 1 km to ~7 km (Fig. 6).
The moat is distinctly asymmetric with a steep and complex upslope
ﬂank showing pronounced erosional truncation and a gentle and
smooth downslope ﬂank exhibiting continuous reﬂections with a sigmoidal, upslope prograding reﬂection pattern (Fig. 4). The asymmetry
and upslope complexity increase towards the NE due to the presence of
local topographic highs and depressions (Fig. 3) as well as internal
terraces showing pronounced erosional truncation (Fig. 5) and bounded
by steep (> 15°) seaﬂoor scarps (Fig. 6).
Landward of the moat, the middle slope located between ~600 to
~1000 m water depth shows a step-like morphology with a sequence of
almost ﬂat and at places protruding terraces separated by steep seaﬂoor
scarps (Fig. 3A) associated with well-deﬁned reﬂection truncation, representing a widespread erosional surface labelled Mid-Slope Erosional
Surface (MES) (Figs. 4A-B, 5). The terraces correspond to outcropping
high-amplitude reﬂections, bounding concordant packages of parallel,
low-amplitude reﬂections (Figs. 3G, 4B). Due to its extensive erosional
character associated with the widespread MES, the middle slope is here
termed Erosive Middle Slope (Fig. 2). Two downslope channels incise
into the Erosive Middle Slope and terminate in the moat (Fig. 2).
The Ewing Terrace, located seaward of the moat, shows an overall
smooth seaﬂoor characterized by a shoal to water depth of less than
1000 m in the SW (Fig. 2). The uppermost subsurface shows continuous, high-amplitude reﬂections of sigmoidal or oblique reﬂection
pattern with a mean (maximum) thickness of 5.5 m (27 m) (Fig. 4D).
Locally, we observed prominent lens-shaped bodies (Fig. 4D). In the
subsurface, a widespread erosional surface (unconformity U1), represented by a high-amplitude reﬂection, truncates the underlying
7
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Fig. 4. NW-SE oriented PARASOUND proﬁle GeoB18-029 (VE ~43) illustrating the acoustic characteristics of the main erosive and depositional features as well as
mounds (for location see Fig. 2). (A) Overview of the entire proﬁle showing the Erosive Middle Slope, the Ewing Terrace Moat, and the Ewing Terrace as well as
associated exposed (red arrows) and buried (between yellow horizon and U1) mounds. (B) Close-up of the Erosive Middle Slope, showing the exposed mounds rooting
on the Mid-Slope Erosional Surface (MES) and forming a mound cluster. (C) Close-up of a topographic high within the contourite moat hosting an isolated mound. (D)
Close-up of the Ewing Terrace showing the buried mounds illustrating their diﬀerent acoustic facies (Facies 1 and 2) and the overlying contourite deposits. Below U1,
another potential buried mound unit is visible.
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Fig. 5. NW-SE oriented PARASOUND proﬁle GeoB18-045 (VE ~15) revealing pronounced upslope reﬂection truncation (erosion) and downslope deposition (for
location see Fig. 2). Exposed mounds are indicated by red arrows. Purple circles mark the relative current strength as reconstructed from the morphosedimentary
features and ACDP data. Maximum velocities were inferred for the area of maximum erosion associated with the contourite moat.

salinity of 34.5 (Fig. 10A). The AAIW-UCDW interface representing the
50% mixture between both water masses lies close to the 27.3 kg m-3
isopycnal, corresponding to a dissolved oxygen concentration of 4.5 ml
l-1 and a salinity of 34.3 (Fig. 10A). Interestingly, this layer deepens
towards the North from 862 m at GeoB22710-1 (38.5760°S), to 897 m
at GeoB22712-1 (38.3315°S), and 1015 m at GeoB22718-2 (37.8813°S)
(Fig. 10B).

3.3. Current regime inferred from ADCP data
Low near-bottom currents (< 10 cm s-1) with north-eastward orientation are observed on the Ewing Terrace (Fig. 7), where we identiﬁed the buried mounds overlain by contourite deposits (Fig. 4D). In
contrast, the Erosive Middle Slope, featuring mainly mound clusters
(Figs. 3C+G, 4B), shows mostly medium (20-30 cm s-1) NE to NW nearbottom velocities (Fig. 7). Very high (40-50 cm s-1) north-westwardﬂowing and even westward-ﬂowing near-bottom currents occur at the
SW termination of the moat (Fig. 7), north of the Ewing Terrace shoal
(Fig. 2). Near-bottom currents in the moat show highly variable values
ranging between 3 and 52 cm s-1 (Fig. 8A). The calculated mean nearbottom velocities vary from 15 to 38 cm s-1 (Fig. 8B), with a decreasing
trend towards the Northeast, coincident with a widening of the moat
(Fig. 7).
Fig. 9, showing a NW-SE current velocity transect coincident with
the PARASOUND proﬁle in Fig. 4, illustrates the variability of the
along-moat currents in the water column. The Erosive Middle Slope is
characterized by relatively variable current regime with very high
surface velocities (52 cm s-1) at < 100 m water depth, high velocities
(30-40 cm s-1) between 100 and 700 m water depth, and medium velocities (20-30 cm s-1) beneath 700 m. The moat represents the area of
highest ﬂow velocities with values of 30 to 55 cm s-1 at < 700 m water
depth and 20 to 47 cm s-1 below that depth. The NW-SE current velocity
transect also highlights the Ewing Terrace as a low current velocity area
with values of < 20 cm s-1 throughout the water column and a pronounced near-bottom minimum (< 10 cm s-1) below 400 m water
depth, and even an inversion of the along-moat current velocities at
54.45°W.

4. Discussion
4.1. The Northern Argentine Mound Province
The acoustic facies and morphology of the identiﬁed mounds are
strikingly similar to coral mounds described in the Mediterranean
(Savini and Corselli, 2010), the NE Atlantic (e.g. De Mol et al., 2002;
Van Rooij et al., 2003; Huvenne et al., 2007), the Iberian margin
(Somoza et al., 2014), and the Gulf of Mexico (Hübscher et al., 2010;
Hebbeln et al., 2014). The recovery of abundant fragments of the coral
B. candida embedded in a sediment matrix from exposed mounds on the
Erosive Middle Slope and in the Ewing Terrace Moat during cruise
SO260 (Kasten et al., 2019) further supports our interpretation as coral
mounds (Fig. 3F). Moreover, living soft and hard corals were recovered
from an exposed mound on the Erosive Middle Slope, indicating active
mound aggradation (Fig. 3H).
The buried mounds were also interpreted as coral mounds due to
their strong acoustic and morphological resemblance to the exposed
mounds. We exclude that the buried mounds represent a mass-transport
deposit (MTD) for several reasons. First, particularly Facies 1 shows
well-delineated mounds with diﬀraction hyperbolas as similarly identiﬁed in other buried coral mound settings (e.g. Huvenne et al., 2007;
Lo Iacono et al., 2014; Vandorpe et al., 2017), whereas MTDs are
generally characterized by a hummocky topography and a chaotic facies. Moreover, the buried mounds show an irregular thickness distribution with local maxima corresponding to individual mounds, while
MTDs are laterally continuous and often lens-shaped as oﬀ Uruguay

3.4. Water-mass properties from CTD data
The core of the AAIW is characterized by high dissolved oxygen
content of 5.25 ml l-1 and a salinity minimum of 34.2, while the UCDW
core shows a distinct dissolved oxygen minimum of 3.8 ml l-1 and a high
9
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extensive coral mound province, here termed Northern Argentine Mound
Province (NAMP) (Fig. 11), covering an area of at least 2000 km2 and
likely extending further to the SW. Therefore, the NAMP represents the
largest coral mound province in terms of areal extent reported so far,
followed by the Atlantic Moroccan Mound Province in the Gulf of Cadiz
(~1800 km2; Wienberg et al., 2009; Vandorpe et al., 2017) and the
Magellan Mound Province in the Porcupine Seabight (~1200 km2, De
Mol et al., 2002). Moreover, the NAMP represents one of few global
sites featuring widespread buried mounds in addition to examples from
the Irish (De Mol et al., 2002; Huvenne et al., 2007; Wheeler et al.,
2007), Mauritanian (Colman et al., 2005; Wienberg et al., 2018), and
Moroccan margins (Foubert et al., 2008; Lo Iacono et al., 2014;
Vandorpe et al., 2017).
4.2. Detailed morphosedimentary analysis of erosive and depositional
features
The prominent Ewing Terrace Moat (Fig. 2) was previously described by Preu et al. (2013) as a contourite channel, showing erosion
along both ﬂanks. Our high-resolution echosounder data, however,
provide clear evidence for contourite deposition on the downslope
ﬂank, indicated by the presence of sigmoidal, upslope prograding reﬂections, while exhibiting erosion along the upslope ﬂank only (Fig. 5).
Hence, a classiﬁcation as contourite moat instead of contourite channel
is more appropriate (Hernández-Molina et al., 2008; García et al.,
2009). The moat is characterized by a previously unknown morphological complexity associated with internal terraces, bathymetric highs,
and local depressions representing scours as well as furrows, indicating
a highly variable erosive environment with locally enhanced erosion
(Figs. 3A, 6). Along the slope, the degree of erosion increases signiﬁcantly from SW to NE as evidenced by an increase in moat width and
slope excavation, i.e. upslope moat migration (Figs. 2, 3A, 6).
Compared to the Ewing Terrace Moat, showing very focused, intense upslope erosion (Fig. 5), the Erosive Middle Slope is characterized
by widespread erosion along the MES (Fig. 4A). In fact, we were able to
image this surface in greater detail than previous studies (Violante
et al., 2010; Preu et al., 2013), revealing the presence of individual
terraces with steep erosional scarps at their seaward side, hosting the
majority of exposed coral mounds (Fig. 3A, 4B). The terraces correspond to outcropping high-amplitude reﬂections interpreted as highly
consolidated, erosion-resistant layers bounding packages of low-amplitude reﬂections representing weaker and, thus, erosion-prone strata
(Figs. 3G, 4B). When outcropping, the hard layers protect the underlying material from widespread erosion. However, the terraces’ scarps
cut through the weak sedimentary strata (Fig. 4B), thereby locally exposing it to erosive processes and allowing for a continuous undermining and landward retreat of the scarps. The presence of a highlyconsolidated seabed and the absence of a recent sedimentary deposits
along the entire Erosive Middle Slope, suggests recent and/or ongoing
erosion or at least non-deposition / winnowing.
According to the established regional stratigraphic framework, we
can infer that the strata eroded by the contourite moat and the MES is as
old as the Middle Miocene (e.g., Violante et al., 2010; Preu et al., 2012).
A tectonic control on the formation of the Ewing Terrace Moat or the
Erosive Middle Slope scarps can be excluded as no major reﬂection
displacements indicating faulting were visible in our data or in previous
seismic studies (Hinz et al., 1999a, 1999b; Franke et al., 2007;
Gruetzner et al., 2012, 2016; Preu et al., 2012, 2013).
The Ewing Terrace is characterized by a highly variable depositional
sequence showing phases of erosion, coral growth, and deposition in
the Pleistocene as constrained by stratigraphic marker H1 (Violante
et al., 2010; Preu et al., 2012) (Fig. 4D). Widespread erosion similar to
that forming the MES is observed along U1, representing the base of the
buried mounds (Fig. 4D). Recently, however, bottom-current-controlled
deposition takes places as evidenced by sigmoidal or oblique reﬂections
with local lens-shaped sediment bodies interpreted as contourite

Fig. 6. Bathymetric proﬁles and slope illustrating the increase in complexity,
asymmetry, width of the contourite moat from SW to NE (for location see
Fig. 2). All proﬁles are drawn to the same scale (VE ~14).

(Henkel et al., 2011, 2012; Krastel et al., 2011). Also, the absence of a
headwall, corresponding to a potential slope failure, as well as the fact
that neither our data nor previous studies show any other evidence for
recent MTDs in the working area strengthens our interpretation (Krastel
et al., 2011; Preu et al., 2012, 2013). The Erosive Middle Slope scarps
extending over ~1700 km2 (Fig. 3A) can be ruled out as associated
headwalls as the resulting MTD would need to be more voluminous and
widespread over the entire Ewing Terrace, whereas the buried mounds
occur only in the southern study area covering just ~600 km2 (Fig. 11).
The presence of an additional deeper unit potentially representing older
buried coral mounds (Fig. 4D), indicates another phase of mound development along the Ewing Terrace (see Section 4.5.). Both exposed
and buried mounds, root on erosional horizons as the MES and unconformity U1 (Figs. 3, 4). These surfaces show high reﬂectivity in the
acoustic data, suggesting the presence of coarse and/or hard, consolidated material, serving as ideal substrate for coral settlement and
proliferation (De Mol et al., 2002; Huvenne et al., 2009b).
Our analysis shows that the buried and exposed mounds form an
10
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Fig. 7. Distribution of the time-averaged currents at 150 m above the seaﬂoor derived from shipboard ADCP data in a 0.1° latitude x 0.1° longitude grid. Black arrows
show current magnitude and direction; blue dots indicate the location of near-bottom measurements as shown in Fig. 8.

and variability of hydrodynamic regime (e.g. Stow et al., 2002, 2009;
Faugères and Mulder, 2011). While erosional features and coarse grain
sizes are indicative of vigorous bottom currents, contourite deposits and
ﬁner grain-sizes generally suggest a low-energy current environment
(Stow et al., 2009). ADCP and CTD data are used as short-term information on the current velocities and water-mass properties to support the bottom-current reconstructions.

deposition (Fig. 4D) (Faugères et al., 1999; Rebesco and Camerlenghi,
2008). These deposits have gradually ﬁlled the space between the
mounds, leading to their eventual burial (Fig. 4D). Below U1, we found
indications for another similar succession of erosion associated with U2,
followed by potential coral growth and subsequent deposition (Fig. 4D).
Hence, our data indicate at least one and potentially two signiﬁcant
transitions from erosional to depositional conditions during the Pleistocene (Fig. 4D). Moreover, the evidence for recent contourite deposition reﬁnes our understanding of the sedimentary setting on the Ewing
Terrace, which was previously classiﬁed as a non-depositional or erosive domain based on lower resolution seismic data (Hinz et al., 1999a,
1999b; Franke et al., 2007; Preu et al., 2012, 2013).

4.3.1. Bottom currents in the contourite moat
The upslope ﬂank of the Ewing Terrace Moat represents the area of
maximum erosion (Fig. 5), indicating the persistent action of high-energy currents. Previous studies suggest that the onset of erosion is related to the development of stronger currents after the Mid-Miocene
climatic optimum (Hernández-Molina et al., 2009; Violante et al., 2010;
Preu et al., 2012). Highly erosive localized bedforms such as scours
(Fig. 3A) as well as the presence of coarse sediments within the moat
(Bozzano et al., 2011; Kasten et al., 2019) can be regarded as further

4.3. Bottom-current reconstructions from morphosedimentary features
Bottom-current-induced morphosedimentary features as well as
substrate grain sizes allow for an assessment of the long-term strength
11
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Fig. 8. Illustration of the latitudinal variation of the near-bottom currents 150 m above the seaﬂoor derived from ADCP measurements within the Ewing Terrace
Moat. (A) All near-bottom current measurements (for location see Fig. 7), and (B) calculated mean current velocity 150 m above the seaﬂoor computed for intervals
of 0.05° of latitude, showing a decreasing trend towards the North.

evidence for long-term energetic ﬂow dynamics (Stow et al., 2002,
2009). This interpretation is also supported by the ACDP data showing
very high current velocities of up to 52 cm s-1 at 150 m above the
seaﬂoor (Fig. 8A), which are likely even more accelerated when conﬁned in the moat and plastered against the steep ﬂank by the Coriolis
force (Hernández-Molina et al., 2008; Faugères and Mulder, 2011).

Since the contourite moat is located approximately at the transition
zone between the northward-ﬂowing AAIW and the UCDW (~1000 m)
(Figs. 2, 11), its formation and maintenance is probably related to
turbulent, high-energy currents and internal waves driven by major
density gradients as typically observed at water-mass boundaries
(Dickson and McCave, 1986; Pomar et al., 2012; Rebesco et al., 2014).

Fig. 9. NW-SE transect showing the along-moat current velocities derived from shipboard ADCP data over the Erosive Middle Slope, Ewing Terrace Moat, and Ewing
Terrace (for location see Fig. 2). The transect is coincident with the PARASOUND proﬁle shown in Fig. 5. Positive (negative) values indicate north-eastward (southwestward) ﬂow. A pronounced current velocity minimum can be observed along the Ewing Terrace. The bathymetry proﬁle is included.
12
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Fig. 10. Water-mass properties as inferred from 3 CTD stations (for location see Fig. 2). (A) Density-salinity scatterplot showing properties of the AAIW and UCDW
cores, and the AAIW-UCDW interface. (B) Salinity against water depth illustrating a northward deepening of the AAIW-UCDW transition zone. Colours represent
dissolved oxygen content.

eastward decrease of the mean near-bottom current velocities within
the moat (Fig. 8) is likely a result of the widening of the moat (Fig. 2)
leading to on average less plastered and accelerated ﬂow conditions.

Therefore, its location likely marks the long-term position of the AAIWUCDW interface since the Middle Miocene. The slight downslope displacement of the contourite moat to ~1100 m in the NE (Fig. 2) may be
caused by a northward deepening of the overall hydrographic structure,
including the AAIW-UCDW interface towards the Brazil-Malvinas
Conﬂuence Zone. This is supported by the deepening of the AAIWUCDW interface from 862 m in CTD GeoB22710-1 (38.5760°S) to 1015
m in CTD GeoB22718-2 (37.8813°S) (Fig. 10B). Moreover, Piola and
Matano (2001) also identiﬁed the AAIW-UCDW interface at ~1000 m
water depth in a section acquired close to 38°S. The abrupt beginning of
the contourite moat in the SW may be a result of a change in slope trend
associated with the NE deepening of the Ewing Terrace to water depth
greater than 1000 m (Fig. 2). Accentuated by the Coriolis force, the
high-energy currents associated with the AAIW-UCDW interface impinge against the slope north of the Ewing Terrace shoal, thereby
generating highly plastered and accelerated ﬂow conditions, promoting
erosion and thus the formation of the moat (Fig. 11). Additionally, the
elevated seaﬂoor topography may interact with the northward-ﬂowing
currents inducing turbulence and further enhancing erosion where the
moat starts (i.e., downstream). The ADCP data support the interpretation of a local ﬂow modiﬁcation and enhancement by revealing a deviation from the typical north-eastward ﬂow to north-westward and
westward ﬂowing near-bottom currents, with very high current velocities (40-50 cm s-1) at the initiation of the contourite moat (Fig. 7).
The strikingly asymmetric deposition-and-erosion pattern of the
moat (Fig. 5) may be regarded as strong indication for the presence of a
Coriolis-induced helical ﬂow within the moat (Cossu et al., 2010; Gong
et al., 2017). Such an oceanographic feature generates a plastered highcurrent velocity core forcing the moat to migrate upslope, while the
downslope side shows lower current velocities associated with a decrease in erosive capacity allowing for the deposition of the eroded
material (Fig. 5) (Faugères et al., 1999; Faugères and Mulder, 2011;
Gong et al., 2017). This is in agreement with our observation from the
ADCP data showing a pronounced near-bottom current velocities
minimum (< 10 cm s-1) seaward of the contourite moat on the Ewing
Terrace (Figs. 7, 9). The highly variable near-bottom current velocities
measured within the moat (3 – 52 cm s-1, Fig. 8A) is likely a result of the
irregular topography aﬀecting the current velocities and inducing turbulence within the moat (Faugères and Mulder, 2011). The high to
very-high near-bottom current velocity component with values of up to
52 cm s-1 (Fig. 8) may represent plastered ﬂow conditions as associated
with steep topographies such as the upslope ﬂank or local topographic
highs, while the low current velocity component may represent locally
decelerated ﬂow conditions over the gently-dipping terraces or behind
topographic obstacles (Faugères and Mulder, 2011). The north-

4.3.2. Bottom currents shaping the Erosive Middle Slope
Assuming that the Ewing Terrace Moat represents the long-term
position of the AAIW-UCDW transition zone, we infer that the shallower
Erosive Middle Slope has mainly been shaped by the AAIW (~500 –
1000 m). Widespread erosion occurring along the MES suggests the
persistent action of strong tabular bottom currents (Hernández-Molina
et al., 2008; García et al., 2009; Preu et al., 2013; Rebesco et al., 2014)
probably also since the Middle Miocene as suggested by previous studies (Hernández-Molina et al., 2009; Violante et al., 2010; Preu et al.,
2012). This is further supported by the ADCP data showing velocities of
more than 40 cm s-1 in the water column (Fig. 9) and mainly medium
near-bottom velocities (20-30 cm s-1) at 150 m above the seaﬂoor
(Fig. 7), which are likely accelerated when plastered against the steep
Erosive Middle Slope (Faugères and Mulder, 2011). A strong bottomcurrent regime associated with the AAIW is further suggested by high
amounts of suspended material indicated by high turbidity measurements (Voigt et al., 2013; Preu et al., 2013) and the presence of siltysandy to gravel-rich deposits (Bozzano et al., 2011), suggesting winnowing.
4.3.3. Variations in bottom currents on the Ewing terrace
The majority of the Ewing Terrace has been inﬂuenced by the
UCDW (> 1000 m) and is characterized by widespread contourite deposition, indicating the action of weak bottom currents favouring deposition (Fig. 4D). This is supported by a pronounced near-bottom
current velocity minimum (< 10 cm s-1) and even a current velocity
inversion in the ADCP data (Figs. 7, 9). Moreover, minor amounts of
suspended material as indicated by low turbidity values (Voigt et al.,
2013) and the equivalent barotropic nature of the Malvinas Current
(Vivier and Provost, 1999) represent further evidence for a low transport capacity of the UCDW. However, the presence of the widespread
unconformity U1 in the subsurface (Fig. 4B) suggests that strong tabular
bottom currents, similar to those that have aﬀected the Erosive Middle
Slope and formed the MES with medium velocities of several decimeters
per second (20-30 cm s-1; Section 4.3.2.), inﬂuenced the Ewing Terrace
in the past. Therefore, a signiﬁcant hydrodynamic change from an
erosive, high-velocity current regime to low-velocity ﬂow conditions
promoting deposition occurred at least once during the Pleistocene,
potentially even twice considering the presence of the deeper unconformity U2 (Fig. 4D).
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Fig. 11. Height distribution of the exposed and buried mounds as identiﬁed from the PARASOUND proﬁles in relation to the main morphological features and
bottom-current regime. ~70% of all exposed mounds are located along the Erosive Middle Slope between 900 and 1050 m water depth in the inﬂuence range of the
lower AAIW. Maximum height of the exposed coral mounds is reached within the contourite moat, in the highly dynamic transition zone of the AAIW-UCDW. Buried
mounds occur on the Ewing Terrace in the inﬂuence range of the weak UCDW. The contour line spacing is 100 m.

2010).
The majority of exposed mounds, mostly low-relief mound clusters,
occur on the Erosive Middle Slope, which has been inﬂuenced by the
AAIW (Fig. 11). Here, they root on the hard/consolidated ground of the
erosive terraces associated with the MES (Fig. 4B). The density and
number of mounds are highest between 900 and ~1050 m water depth
just above the contourite moat inﬂuenced by the turbulent, high-energy
AAIW-UCDW transition zone (Figs. 11, 12). This clustering appears to
be independent from the current velocity, which remains consistently
moderate over the entire Erosive Middle Slope (20-30 cm s-1, Fig. 7),
and the concentration of dissolved oxygen, which is also consistently
high throughout the entire AAIW layer (5.25 ml l-1, Fig. 10A). Instead,
an increased concentration of suspended particles including sediment
and food, transported along the AAIW-UCDW density gradient and
delivered upward by internal waves and turbulence enhanced by the
irregular moat topography, could be responsible for creating favourable

4.4. Morphosedimentary and hydrodynamic control on the coral mound
distribution
Our study indicates a direct relationship between the distribution of
coral mounds and the morphosedimentary setting inﬂuenced by the
AAIW and UCDW, forming a large-scale bottom-current-controlled environment here termed Coral-Contourite System. The main features of
the Coral-Contourite System in association with the regional oceanography are presented in Fig. 12 and described in detail below. A mutual
link of coral mounds and contourites to strong hydrodynamics induced
by intermediate water masses was also found in the North Atlantic
(Hebbeln et al., 2016) with examples from the Rockall Trough (Kenyon
et al., 2003; Victorero et al., 2016), the Porcupine Seabight (Van Rooij
et al., 2003; Wheeler et al., 2005; Huvenne et al., 2009a; Titschack
et al., 2009; Foubert et al., 2011), the Gulf of Cádiz (Van Rooij et al.,
2011; Vandorpe et al., 2014), and the Gulf of Mexico (Hübscher et al.,
14
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Fig. 12. Perspective view on the Coral-Contourite System comprising exposed and buried coral mounds as well as depositional and erosive bottom-current-induced
morphologies in relation to the regional oceanography. Low-relief mound clusters occur mainly on the Erosive Middle Slope in the inﬂuence range of the mediumcurrent velocity lower AAIW; high-relief isolated mounds and mound chains occur mainly along elevated morphologies in the contourite moat at the high-current
velocity, highly erosive transition zone of the AAIW and UCDW. The weak current regime of the UCDW promotes contourite deposition, leading to the burial of preexisting generation of mounds (buried mounds).

Participants of RV Sonne Cruise SO260, 2019). The restricted occurrence of mounds on elevated features such as local highs or internalterrace edges, where they form isolated mounds and ﬂow-parallel
mound chains (Figs. 3, 11, 12), was attributed to a complex interaction
between topographic elevations and bottom currents, locally modifying
the current regime and inducing turbulence and/or upwelling (Owens
and Hogg, 1980). This enhances the upward supply of food and sediment towards the top of the elevated areas, thereby providing locally
suitable conditions for coral mounds (Freiwald, 2002; Roberts et al.,
2006). Once a mound has started to develop, it maintains a self-sustained turbulent hydrodynamic environment (Cyr et al., 2016; Hebbeln
et al., 2016). With heights of ~60 m, the few existing mounds in the
moat are signiﬁcantly larger than the mound clusters on the Erosive
Middle Slope (< 10 m), which may be a result of either faster aggradation rates or longer growth time and older age. Moreover, the
bathymetric data suggest that mound chains originate from several
isolated mounds that over time coalesce to a NE-SW trending chain in
direction of the ﬂow (Fig. 3D), thereby indicating that chains represent
the more mature mound type.
On the Ewing Terrace, coral mounds developed in the past as indicated by the presence of buried mounds. Similarly to the exposed
mounds, they also root on a widespread erosive surface (U1, Fig. 4D),
suggesting a strong bottom-current regime at the time of their initiation. However, the modern hydrodynamic regime on the Ewing Terrace
associated with the low-velocity (< 10 cm s-1), oxygen-poor (3.8 ml l-1)
UCDW (Fig. 11) favouring deposition has led to a progressive burial and
demise of pre-existing mounds as similarly observed in other mound
provinces in the North Atlantic (e.g. Huvenne et al., 2007; Rüggeberg
et al., 2007; De Mol et al., 2005; Brooke et al., 2009; Foubert et al.,
2011; Fink et al., 2012; Lo Iacono et al., 2014). Moreover, the side-byside occurrence of mounds and a prominent contourite drift as shown in

conditions for coral mound development in the lower AAIW just above
the moat. Due to strong transport capacity of the AAIW (see Section
4.3.2.), these particles remain in suspension and excessive sedimentation, potentially hampering coral growth, is prevented. Although the
presence of the moat likely enhances the upward delivery of particles to
the mounds, numerical modelling showed that signiﬁcant resuspension
develops above a density gradient also along uniform slopes (Bourgault
et al., 2014). Hence, even when the moat is absent, the lower AAIW just
above the AAIW-UCDW interface is likely enriched in sediment and
food particles and, thus, more favourable for coral growth and mound
development than the upper AAIW. As other water-mass properties
such as dissolved oxygen, salinity (Fig. 10A), or temperature (Piola and
Matano, 2001; Piola et al., 2013) are relatively stable throughout the
entire AAIW, the observed upslope decrease in coral mound number on
the Erosive Middle Slope was interpreted as being the result of a decrease in suspended matter concentration with increasing distance from
the moat (Figs. 11, 12). Therefore, the lower portion of the AAIW appears to provide the ideal balance between the availability of suspended
particles and suﬃcient bottom-current velocities to promote CWC
growth and the aggradation of mounds.
Within the contourite moat, coral mounds occur in low number and
density, which was interpreted as being the result of very strong bottom
currents associated with dynamic processes at the AAIW-UCDW interface, causing maximum erosion (Fig. 5) and creating less favourable
conditions for extensive CWC colonization and mound aggradation. As
velocities exceeding 50 cm s-1 were observed in other coral mound
settings (Frederiksen et al., 1992; Kenyon et al., 2003; Dorschel et al.,
2007), we assume that the currents within the moat must be even
higher. This is in agreement with the ADCP data showing velocities of
up to 52 cm s-1 at 150 m above the seaﬂoor (Fig. 8A) as well as the
presence of gravel within the moat (Bozzano et al., 2011; Kasten and
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Fig. 13. Conceptual model illustrating the temporal variability of the coral mounds in the NAMP in response to glacial-interglacial sea-level variations. (A) In an
interglacial period, representative of the modern situation, coral mound aggradation occurs mainly in the lower AAIW between 900 and 1050 m water depth just
above the high-energy AAIW-UCDW interface forming the moat. Here, an ideal balance between medium current velocities and increased suspended particle
concentration (SPC) due to erosive processes at the AAIW-UCDW transition zone is present (i.e., environmental optimum). (B) In a glacial period, the environmental
optimum is located at greater water depth due to a downward shift of the AAIW, leading to coral mound aggradation on the Ewing Terrace. At the same time, the
Erosive Middle Slope is inﬂuenced by the upper AAIW causing non-deposition or winnowing, while mound aggradation probably stagnates due to a lack of sediments
and food. During sea-level fall, the highly erosive AAIW-UCDW transition zone moved over the Ewing Terrace causing erosion and the formation of sea-level fall
erosive surfaces such as unconformity U1, representing the base for mound growth.

therefore an interglacial setting (Fig. 13A). At the same time, the Ewing
Terrace is under the inﬂuence of the weak UCDW favouring deposition.
Assuming a glacial-interglacial control on the environmental conditions, a sea-level fall would lead to a downward shift of the high-energy
and erosive AAIW-UCDW transition zone onto the Ewing Terrace
causing the formation of sea-level fall erosive surfaces such as unconformity U1 cutting into strata previously deposited during highstand
(Figs. 4D, 13B). During glacial sea-level lowstand, the Ewing Terrace
was under the inﬂuence of the lower portion of AAIW favouring active
coral mound aggradation on the erosive surfaces generated during sealevel fall (Fig. 13B). Assuming that the buried mounds developed
during the Last Glacial Maximum (LGM) (26.5 – 19 ka, Clark et al.,
2009), we estimate average LGM coral aggradation rates of 80 cm kyr-1
(for the mean thickness of ~6 m) and up to 360 cm kyr-1 (for a maximum thickness of ~27 m). These values are in accordance with typical
mound aggradation rates, ranging from 10s to 100s cm kyr-1 (Hebbeln
et al., 2016 and references therein) with maximum values up to 1500
cm kyr-1 as observed for coral mounds at the Norwegian shelf (López
Correa et al., 2012; Titschack et al., 2015). During sea-level lowstand,
the Erosive Middle Slope was under the inﬂuence of the upper portion
of the AAIW and, thus, outside of the environmental optimum for CWC

Fig. 4D conﬁrms that coral mounds are not only signiﬁcantly inﬂuenced
by bottom currents but in turn also modify the local current regime,
aﬀecting deposition and erosion in their vicinity (Van Rooij et al., 2003;
Huvenne et al., 2009b; Hebbeln et al., 2016).

4.5. Temporal and spatial variability of the coral mounds
The presence of buried and exposed coral mounds indicate diﬀerent
phases of mound development in the NAMP. Our ﬁndings suggest that
the lower portion of the AAIW between 900 and 1050 m, just above the
high-energy AAIW-UCDW transition zone forming the moat, provides
the environmental optimum for recent mound development (Fig. 13).
The presence of buried mounds between ~1050 and 1150 m water
depth further downslope on the Ewing Terrace indicates that favourable
conditions and, thus, the environmental optimum within the AAIW was
~100 – 150 m deeper in the past, which may be linked to a lowering of
the sea level during glacials (Waelbroeck et al., 2002). A glacial
downshift of the AAIW was also postulated in studies from the Brazilian
margin (Viana et al., 1998; Makou et al., 2010).
The modern situation with active mound development concentrated
in the lower AAIW is representative for a highstand sea level and
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for the development of mounds seems to be the availability of suspended food and sediment particles in combination with a suﬃcient
bottom-current strength, keeping material in suspension while preventing destructive erosion and excessive sedimentation. In the NAMP,
this environmental optimum is present in the lower portion of the AAIW
between 900 and 1050 m just above the Ewing Terrace Moat, which is
shaped by high-energy currents associated with the AAIW-UCDW interface. Above the moat, mounds beneﬁt from an upward transport of
food and sediment particles due to turbulent hydrodynamic processes at
the water-mass density gradient, which are further enhanced by the
irregular moat topography. Within the contourite moat, coral mounds
occur only on local topographic highs, which seem to modify the
otherwise highly erosive and destructive bottom current regime,
thereby locally creating ideal conditions for coral growth. In contrast,
weak currents, favouring extensive contourite deposition as observed
for the UCDW, hamper mound growth due to increased sediment stress.
Our ﬁndings suggest that past mound development occurred 100 to 150
m deeper along the Ewing Terrace likely due to a downward shift of the
AAIW as consequence of sea-level lowering during glacials. Hence, our
study (1) emphasizes the importance of high-energy processes along
water-mass boundaries and associated density gradients for the delivery
of sediment and food particles to corals, and (2) substantiates the global
role of the AAIW as a crucial water mass for coral mound development
as also suggested by studies from the North Atlantic (Dubois-Dauphin
et al., 2016; Matos et al., 2017).
Our results highlight the importance of CDSs in general and the
Argentine/Uruguayan margin in particular as hotspots for coral mound
occurrence. Future research into CDSs, thus, needs to be integrated with
CWC investigations as the two concepts are closely linked. Therefore,
scientiﬁc approaches also need to be interdisciplinary, combining
geophysical, geological, oceanographic, and biological methods.
Moreover, systematic investigations of sediment samples from the
NAMP are indispensable to ground truth our hypotheses and gain
conclusive information on the age, longevity, and aggradation rates of
the coral mounds as well as their evolution through time.

growth and mound aggradation. Hence, mound development at the
Erosive Middle Slope probably stagnated and the medium current regime of the upper AAIW promoted non-deposition/winnowing, preventing the interglacial mounds from burial, or even leading to erosion
(Fig. 13A). In the course of deglaciation, sea level raised and the AAIW
shoaled to its modern position, leading to an upslope migration of the
coral habitat to the Erosive Middle Slope. As sea-level rise occurs much
faster than sea-level fall (Waelbroeck et al., 2002), erosion along the
Ewing Terrace associated with the upward movement of the AAIWUCDW transition zone can only occur for a relatively short duration of,
for instance, ~10 ka for the last deglaciation. Hence, the glacial coral
mounds are relatively well preserved with only Facies 2 showing indication for erosion by having a less mounded morphology (Fig. 4D).
Once the interglacial low-velocity current regime associated with the
UCDW is re-established along the Ewing Terrace, contouritic deposition
takes place the glacial mounds are being buried and, thus, decline. This
scenario implies that the sedimentary cover burying the identiﬁed LGM
Ewing Terrace mounds has deposited during the last 19 kyrs, yielding a
mean sedimentation rate of 29 cm kyr-1 (for a mean thickness of 5.5 m).
This value is at the upper end of typical contourite sedimentation rates
(5 – 30 cm kyr-1) (Stow et al., 2008), with similar accumulation rates
found in contourite drifts in the Gulf of Cádiz (Rebesco et al., 2014) or
the Tyrrhenian Sea (Miramontes et al., 2016). The presence of a deeper
succession of an erosional surface (U2) hosting potential mounds buried
by sediments (Fig. 4D), indicates another phase of erosion, mound aggradation, and sedimentary deposition along the Ewing Terrace, probably corresponding to a previous glacial-interglacial cycle. Accordingly,
we propose that the exposed mounds likely represent several phases of
interglacial mound growth.
A sea-level control on the NAMP is in good agreement with ﬁndings
from NW Atlantic (Gulf of Mexico) suggesting that CWC mound aggradation (demise) is directly linked to the presence (absence) of the
AAIW in response to glacial-interglacial cycles (Matos et al., 2017).
Moreover, even in the NE Atlantic (Gulf of Cadiz) an enhanced AAIW
appears to play an important role for the glacial proliferation of CWCs
(Wienberg et al., 2010; Dubois-Dauphin et al., 2016).
As the buried mounds on the Ewing Terrace, representing multiple
growth phases during diﬀerent glacials, are interbedded within
Pleistocene sediments (Fig. 4D), we tentatively link the onset of the
entire mound system to the Mid-Pleistocene transition. This event
marks a shift from a 41 ka to the modern 100 ka glacial-interglacial
cycle and an associated intensiﬁcation of the current regime (e.g.
Mudelsee and Schulz, 1997; Raymo et al., 1997), establishing the required environmental conditions for the formation of coral mounds.
Accordingly, mound aggradation was likely initiated after the formation of the Ewing Terrace Moat and Erosive Middle Slope, which started
in the Middle Miocene (Hernández-Molina et al., 2009; Preu et al.,
2012).
However, it should be noted that this is a ﬁrst attempt to understand
the temporal variability of the NAMP. For a conclusive statement, additional sedimentological data and age constrains are required.
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5. Conclusions
In this study, we describe for the ﬁrst time the distribution and areal
extent of exposed and buried coral mounds at the northern Argentine
margin, forming the Northern Argentine Mound Province (NAMP),
based on recently acquired echosounder data. Covering an area of more
than 2000 km2, the NAMP represents the largest coral mound province
in regard to areal extent discovered so far and a major site in the
southern oceans, highlighting its potential as ideal natural laboratory
for future CWC studies.
Our ﬁndings demonstrate a direct relationship between coral
mound distribution and morphosedimentary features of the regional
CDS controlled by intermediate water-masses and their interfaces,
forming a here termed Coral-Contourite System. The controlling factor
17

Marine Geology 427 (2020) 106223

L. Steinmann, et al.

References

Morocco: Key to processes and controls. Mar. Geol. 248, 74–96.
Foubert, A., Huvenne, V.A.I., Wheeler, A., Kozachenko, M., Opderbecke, J., Henriet, J.P.,
2011. The Moira Mounds, small cold-water coral mounds in the Porcupine Seabight,
NE Atlantic: Part B—Evaluating the impact of sediment dynamics through high-resolution ROV-borne bathymetric mapping. Mar. Geol. 282, 65–78.
Frank, N., Ricard, E., Lutringer-Paquet, A., van der Land, C., Colin, C., Blamart, D.,
Foubert, A., Van Rooij, D., Henriet, J.-P., de Haas, H., van Weering, T., 2009. The
Holocene occurrence of cold water corals in the NE Atlantic: Implications for coral
carbonate mound evolution. Mar. Geol. 266, 129–142.
Franke, D., Neben, S., Ladage, S., Schreckenberger, B., Hinz, K., 2007. Margin segmentation and volcano-tectonic architecture along the volcanic margin oﬀ Argentina/
Uruguay, South Atlantic. Mar. Geol. 244, 46–67.
Frederiksen, R., Jensen, A., Westerberg, H., 1992. The distribution of the scleractinian
coral Lophelia pertusa around the Faroe islands and the relation to internal tidal
mixing. Sarsia 77, 157–171.
Freiwald, A., 2002. Reef-Forming Cold-Water Corals. In: Wefer, G., Billett, D., Hebbeln,
D., Jørgensen, B.B., Schlüter, M., van Weering, T.C.E. (Eds.), Ocean Margin Systems.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 365–385.
García, M., Hernández-Molina, F.J., Llave, E., Stow, D.A.V., León, R., Fernández-Puga,
M.C., Diaz del Río, V., Somoza, L., 2009. Contourite erosive features caused by the
Mediterranean Outﬂow Water in the Gulf of Cadiz: Quaternary tectonic and oceanographic implications. Mar. Geol. 257, 24–40.
Garcia, H.E., Locarnini, R.A., Boyer, T.P., Antonov, J.I., Baranova, O.K., Zweng, M.M.,
Reagan, J.R., Johnson, D.R., 2014. World Ocean Atlas 2013. In: Levitus, S.,
Mishonov, A. (Eds.), NOAA Atlas NESDIS, (75, p. 27 pp).
Gong, C., Peakall, J., Wang, Y., Wells, M.G., Xu, J., 2017. Flow processes and sedimentation in contourite channels on the northwestern South China Sea margin: A
joint 3D seismic and oceanographic perspective. Mar. Geol. 393, 176–193.
Gordon, A.L., Greengrove, C.L., 1986. Geostrophic circulation of the Brazil-Falkland
conﬂuence. Deep Sea Res. A Oceanogr. Res. Pap. 33, 573–585.
Grant, J.A., Schreiber, R., 1990. Modern swathe sounding and sub-bottom proﬁling
technology for research applications: The Atlas Hydrosweep and Parasound Systems.
Mar. Geophys. Res. 12, 9–19.
Gruetzner, J., Uenzelmann-Neben, G., Franke, D., 2012. Variations in sediment transport
at the central Argentine continental margin during the Cenozoic. Geochem. Geophys.
Geosyst. 13.
Gruetzner, J., Uenzelmann-Neben, G., Franke, D., 2016. Evolution of the northern
Argentine margin during the Cenozoic controlled by bottom current dynamics and
gravitational processes. Geochem. Geophys. Geosyst. 17, 3131–3149.
Hanz, U., Wienberg, C., Hebbeln, D., Duineveld, G., Lavaleye, M., Juva, K., Dullo, W.C.,
Freiwald, A., Tamborrino, L., Reichart, G.J., Flögel, S., Mienis, F., 2019.
Environmental factors inﬂuencing benthic communities in the oxygen minimum
zones on the Angolan and Namibian margins. Biogeosciences 16 (22), 4337–4356.
Hebbeln, D., Samankassou, E., 2015. Where did ancient carbonate mounds grow — In
bathyal depths or in shallow shelf waters? Earth Sci. Rev. 145, 56–65.
Hebbeln, D., Wienberg, C., Wintersteller, P., Freiwald, A., Becker, M., Beuck, L., Dullo, C.,
Eberli, G.P., Glogowski, S., Matos, L., Forster, N., Reyes-Bonilla, H., Taviani, M.,
2014. Environmental forcing of the Campeche cold-water coral province, southern
Gulf of Mexico. Biogeosciences 11, 1799–1815.
Hebbeln, D., Van Rooij, D., Wienberg, C., 2016. Good neighbours shaped by vigorous
currents: Cold-water coral mounds and contourites in the North Atlantic. Mar. Geol.
378, 171–185.
Henkel, S., Strasser, M., Schwenk, T., Hanebuth, T.J.J., Hüsener, J., Arnold, G.L.,
Winkelmann, D., Formolo, M., Tomasini, J., Krastel, S., Kasten, S., 2011. An interdisciplinary investigation of a recent submarine mass transport deposit at the continental margin oﬀ Uruguay. Geochem. Geophys. Geosyst. 12, Q08009. https://doi.
org/10.1029/2011GC003669.
Henkel, S., Schwenk, T., Hanebuth, T.J.J., Strasser, M., Riedinger, N., Formolo, M.,
Tomasini, J., Krastel, S., Kasten, S., 2012. Pore water geochemistry as a tool for
identifying and dating recent mass-transport deposits. In: Yamada, Y., Kawamura, K.,
Ikehara, K., Ogawa, Y., Urgeles, R., Mosher, D., Chaytor, J., Strasser, M. (Eds.),
Submarine Mass Movements and Their Consequences: 5th International Symposium
(Advances in Natural and Technological Hazards Research, 31). Springer, pp. 87–97.
Henriet, J.P., Hamoumi, N., Da Silva, A.C., Foubert, A., Lauridsen, B.W., Rüggeberg, A.,
Van Rooij, D., 2014. Carbonate mounds: From paradox to World Heritage. Mar. Geol.
352, 89–110.
Henry, L.-A., Roberts, J.M., 2007. Biodiversity and ecological composition of macrobenthos on cold-water coral mounds and adjacent oﬀ-mound habitat in the bathyal
Porcupine Seabight, NE Atlantic. Deep-Sea Res. I Oceanogr. Res. Pap. 54, 654–672.
Hensen, C., Zabel, M., Pfeifer, K., Schwenk, T., Kasten, S., Riedinger, N., Schulz, H.D.,
Boetius, A., 2003. Control of sulfate pore-water proﬁles by sedimentary events and
the signiﬁcance of anaerobic oxidation of methane for the burial of sulfur in marine
sediments. Geochim. Cosmochim. Acta 67, 2631–2647.
Hernández-Molina, F.J., Llave, E., Stow, D.A.V., 2008. Chapter 19 Continental Slope
Contourites. In: Rebesco, M., Camerlenghi, A. (Eds.), Developments in
Sedimentology. Elsevier, pp. 379–408.
Hernández-Molina, F.J., Paterlini, M., Violante, R., Marshall, P., de Isasi, M., Somoza, L.,
Rebesco, M., 2009. Contourite depositional system on the Argentine Slope: An exceptional record of the inﬂuence of Antarctic water masses. Geology 37, 507–510.
Hernández-Molina, F.J., Paterlini, M., Somoza, L., Violante, R., Arecco, M.A., de Isasi, M.,
Rebesco, M., Uenzelmann-Neben, G., Neben, S., Marshall, P., 2010. Giant mounded
drifts in the Argentine Continental Margin: Origins, and global implications for the
history of thermohaline circulation. Mar. Pet. Geol. 27, 1508–1530.
Hinz, K., Neben, S., Schreckenberger, B., Roeser, H.A., Block, M., Souza, K.G.D., Meyer,
H., 1999a. The Argentine continental margin north of 488S: Sedimentary successions,
volcanic activity during breakup. Mar. Pet. Geol. 16 (1), 1–25.

Arhan, M., Mercier, H., Park, Y.-H., 2003. On the deep water circulation of the eastern
South Atlantic Ocean. Deep-Sea Res. I Oceanogr. Res. Pap. 50, 889–916.
Baumann, K.-H., Zonneveld, K.A.F., Baques, M., 2019. Water column characteristics, dinoﬂagellate, pollen/spores and coccolithophore studies. In: Kasten et al., Cruise
Report SO260, pp. 76–87.
Bourgault, D., Morsilli, M., Richards, C., Neumeier, U., Kelley, D.E., 2014. Sediment resuspension and nepheloid layers induced by long internal solitary waves shoaling
orthogonally on uniform slopes. Cont. Shelf Res. 72, 21–33.
Bozzano, G., Violante, R.A., Cerredo, M.E., 2011. Middle slope contourite deposits and
associated sedimentary facies oﬀ NE Argentina. Geo-Mar. Lett. 31, 495–507.
Brooke, S.D., Holmes, M.W., Young, C.M., 2009. Sediment tolerance of two diﬀerent
morphotypes of the deep-sea coral Lophelia pertusa from the Gulf of Mexico. Mar.
Ecol. Prog. Ser. 390, 137–144.
Thierens, M., Browning, E., Pirlet, H., Loutre, M.F., Dorschel, B., Huvenne, V.A.I.,
Titschack, J., Colin, C., Foubert, A., Wheeler, A.J., 2013. Cold-water coral carbonate
mounds as unique palaeo-archives: the Plio-Pleistocene Challenger Mound record
(NE Atlantic). Quat. Sci. Rev. 73, 14–30.
Carranza, A., Recio, A.M., Kitahara, M., Scarabino, F., Ortega, L., López, G., FrancoFraguas, P., De Mello, C., Acosta, J., Fontan, A., 2012. Deep-water coral reefs from
the Uruguayan outer shelf and slope. Mar. Biodivers. 42, 411–414.
Chelton, D.B., Schlax, M.G., Witter, D.L., Richman, J.G., 1990. Geosat altimeter observations of the surface circulation of the Southern Ocean. J. Geophys. Res. 95,
17877–17903.
Clark, P.U., Dyke, A.S., Shakun, J.D., Carlson, A.E., Clark, J., Wohlfarth, B., Mitrovica,
J.X., Hostetler, S.W., McCabe, A.M., 2009. The last glacial maximum. Science 325,
710–714.
Colman, J.G., Gordon, D.M., Lane, A.P., Forde, M.J., Fitzpatrick, J.J., 2005. Carbonate
mounds oﬀ Mauritania, Northwest Africa: status of deep-water corals and implications for management of ﬁshing and oil exploration activities. In: Freiwald, A.,
Roberts, J.M. (Eds.), Cold-Water Corals and Ecosystems. Springer Berlin Heidelberg,
Berlin, Heidelberg, pp. 417–441.
Correa, T.B.S., Grasmueck, M., Eberli, G.P., Reed, J.K., Verwer, K., Purkis, S.A.M., 2012.
Variability of cold-water coral mounds in a high sediment input and tidal current
regime, Straits of Florida. Sedimentology 59, 1278–1304.
Cossu, R., Wells, M.G., Wåhlin, A.K., 2010. Inﬂuence of the Coriolis force on the velocity
structure of gravity currents in straight submarine channel systems. J. Geophys. Res.
Oceans 115.
Cyr, F., van Haren, H., Mienis, F., Duineveld, G., Bourgault, D., 2016. On the inﬂuence of
cold-water coral mound size on ﬂow hydrodynamics, and vice versa. Geophys. Res.
Lett. 43, 775–783.
Davies, A.J., Guinotte, J.M., 2011. Global habitat suitability for framework-forming coldwater corals. PLoS One 6 (4), e18483.
Davies, A.J., Duineveld, G.C.A., Lavaleye, M.S.S., Bergman, M.J.N., van Haren, H.,
Roberts, J.M., 2009. Downwelling and deep-water bottom currents as food supply
mechanisms to the cold-water coral Lophelia pertusa (Scleractinia) at the Mingulay
Reef Complex. Limnol. Oceanogr. 54, 620–629.
De Mol, B., Van Rensbergen, P., Pillen, S., Van Herreweghe, K., Van Rooij, D., McDonnell,
A., Huvenne, V., Ivanov, M., Swennen, R., Henriet, J.P., 2002. Large deep-water coral
banks in the Porcupine Basin, southwest of Ireland. Mar. Geol. 188, 193–231.
De Mol, B., Henriet, J.-P., Canals, M., 2005. Development of coral banks in Porcupine
Seabight: do they have Mediterranean ancestors? In: Freiwald, A., Roberts, J.M.
(Eds.), Cold-Water Corals and Ecosystems. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 515–533.
Dickson, R.R., McCave, I.N., 1986. Nepheloid layers on the continental slope west of
Porcupine Bank. Deep Sea Res. A Oceanogr. Res. Pap. 33, 791–818.
Dorschel, B., Hebbeln, D., Rüggeberg, A., Dullo, W.-C., Freiwald, A., 2005. Growth and
erosion of a cold-water coral covered carbonate mound in the Northeast Atlantic
during the Late Pleistocene and Holocene. Earth Planet. Sci. Lett. 233, 33–44.
Dorschel, B., Hebbeln, D., Foubert, A., White, M., Wheeler, A.J., 2007. Hydrodynamics
and cold-water coral facies distribution related to recent sedimentary processes at
Galway Mound west of Ireland. Mar. Geol. 244, 184–195.
Dubois-Dauphin, Q., Bonneau, L., Colin, C., Montero-Serrano, J.-C., Montagna, P.,
Blamart, D., Hebbeln, D., Van Rooij, D., Pons-Branchu, E., Hemsing, F., Weﬁng, A.M., Frank, N., 2016. South Atlantic intermediate water advances into the North-east
Atlantic with reduced Atlantic meridional overturning circulation during the last
glacial period. Geochem. Geophys. Geosyst. 17, 2336–2353.
Dullo, W.C., Flögel, S., Rüggeberg, A., 2008. Cold-water coral growth in relation to the
hydrography of the Celtic and Nordic European continental margin. Mar. Ecol. Prog.
Ser. 371, 165–176.
Egbert, G.D., Erofeeva, S.Y., 2002. Eﬃcient inverse modeling of barotropic ocean tides. J.
Atmos. Ocean. Technol. 19 (2), 183–204.
Ewing, M., Lonardi, A.G., 1971. Sediment transport and distribution in the Argentine
Basin. 5. Sedimentary structure of the Argentine margin, basin, and related provinces.
Phys. Chem. Earth 8, 125–251.
Faugères, J.-C., Mulder, T., 2011. Contour Currents and Contourite Drifts. In: HüNeke, H.,
Mulder, T. (Eds.), Developments in Sedimentology. Elsevier, pp. 149–214.
Faugères, J.-C., Stow, D.A.V., Imbert, P., Viana, A., 1999. Seismic features diagnostic of
contourite drifts. Mar. Geol. 162, 1–38.
Fink, H.G., Wienberg, C., Hebbeln, D., McGregor, H.V., Schmiedl, G., Taviani, M.,
Freiwald, A., 2012. Oxygen control on Holocene cold-water coral development in the
eastern Mediterranean Sea. Deep-Sea Res. I Oceanogr. Res. Pap. 62, 89–96.
Foubert, A., Depreiter, D., Beck, T., Maignien, L., Pannemans, B., Frank, N., Blamart, D.,
Henriet, J.-P., 2008. Carbonate mounds in a mud volcano province oﬀ north-west

18

Marine Geology 427 (2020) 106223

L. Steinmann, et al.

Res. Pap. 75, 157–174.
Raddatz, J., Rüggeberg, A., Liebetrau, V., Foubert, A., Hathorne, E.C., Fietzke, J.,
Eisenhauer, A., Dullo, W.-C., 2014. Environmental boundary conditions of cold-water
coral mound growth over the last 3 million years in the Porcupine Seabight,
Northeast Atlantic. Deep Sea Res. II Topical Stud. Oceanogr. 99, 227–236.
Raymo, M.E., Oppo, D.W., Curry, W., 1997. The Mid-Pleistocene climate transition: A
deep sea carbon isotopic perspective. Paleoceanography 12, 546–559.
Rebesco, M., Camerlenghi, A., 2008. Contourites: Developments in Sedimentology. 60
Elsevier, Amsterdam.
Rebesco, M., Hernández-Molina, F.J., Van Rooij, D., Wåhlin, A., 2014. Contourites and
associated sediments controlled by deep-water circulation processes: State-of-the-art
and future considerations. Mar. Geol. 352, 111–154.
Reid, J.L., 1989. On the total geostrophic circulation of the South Atlantic Ocean: Flow
patterns, tracers, and transports. Progress Oceanogr. 23, 149–244.
Reid Jr., J.L., Patzert, W.C., 1977. On the characteristics and circulation of the
Southwestern Atlantic Ocean. J. Phys. Oceanogr. 7, 62–91.
Riedinger, N., Pfeifer, K., Kasten, S., Garming, J.F.L., Vogt, C., Hensen, C., 2005.
Diagenetic alteration of magnetic signals by anaerobic oxidation of methane related
to a change in sedimentation rate. Geochim. Cosmochim. Acta 69, 4117–4126.
Riedinger, N., Formolo, M.J., Lyons, T.W., Henkel, S., Beck, A., Kasten, S., 2014. An inorganic geochemical argument for coupled anaerobic oxidation of methane and iron
reduction in marine sediments. Geobiology. https://doi.org/10.1111/gbi.12077.
Riedinger, N., Brunner, B., Krastel, S., Arnold, G.L., Wehrmann, L.M., Formolo, M.J.,
Beck, A., Bates, S.M., Henkel, S., Kasten, S., Lyons, T.W., 2017. Sulfur cycling in an
iron oxide-dominated, dynamic marine depositional system (Argentine Basin). Front.
Earth Sci. 5 (33). https://doi.org/10.3389/feart.2017.00033.
Roberts, J.M., Cairns, S.D., 2014. Cold-water corals in a changing ocean. Curr. Opin.
Environ. Sustain. 7, 118–126.
Roberts, J.M., Wheeler, A.J., Freiwald, A., 2006. Reefs of the Deep: The Biology and
Geology of Cold-Water Coral Ecosystems. Science 312, 543–547.
Roberts, J.M., Wheeler, A., Freiwald, A., 2009. Cold-water corals: the biology and geology
of deep-sea coral habitats. Cambridge University Press.
Rüggeberg, A., Dullo, C., Dorschel, B., Hebbeln, D., 2007. Environmental changes and
growth history of a cold-water carbonate mound (Propeller Mound, Porcupine
Seabight). Int. J. Earth Sci. 96, 57–72.
Savini, A., Corselli, C., 2010. High-resolution bathymetry and acoustic geophysical data
from Santa Maria di Leuca Cold Water Coral province (Northern Ionian Sea—Apulian
continental slope). Deep-Sea Res. II Top. Stud. Oceanogr. 57, 326–344.
Schlitzer, R., 2018. Ocean Data View. In: odv.awi.de.
Somoza, L., Ercilla, G., Urgorri, V., León, R., Medialdea, T., Paredes, M., Gonzalez, F.J.,
Nombela, M.A., 2014. Detection and mapping of cold-water coral mounds and living
Lophelia reefs in the Galicia Bank, Atlantic NW Iberia margin. Mar. Geol. 349, 73–90.
Stow, D.A.V., Faugères, J.-C., Howe, J.A., Pudsey, C.J., Viana, A.R., 2002. Bottom currents, contourites and deep-sea sediment drifts: current state-of-the-art. Geol. Soc.
Lond. Mem. 22, 7–20.
Stow, D.A.V., Hunter, S., Wilkinson, D., Hernández-Molina, F.J., 2008. Chapter 9 the
nature of contourite deposition. In: Rebesco, M., Camerlenghi, A. (Eds.),
Developments in Sedimentology. Elsevier, pp. 143–156.
Stow, D.A.V., Hernández-Molina, F.J., Llave, E., Sayago-Gil, M., Díaz del Río, V., Branson,
A., 2009. Bedform-velocity matrix: The estimation of bottom current velocity from
bedform observations. Geology 37, 327–330.
Stramma, L., England, M., 1999. On the water masses and mean circulation of the South
Atlantic Ocean. J. Geophys. Res. Oceans 104, 20863–20883.
Sumida, P.Y.G., Yoshinaga, M.Y., Madureira, L.A.S.-P., Hovland, M., 2004. Seabed
pockmarks associated with deepwater corals oﬀ SE Brazilian continental slope,
Santos Basin. Mar. Geol. 207, 159–167.
Tamborrino, L., Wienberg, C., Titschack, J., Wintersteller, P., Mienis, F., SchröderRitzrau, A., Freiwald, A., Orejas, C., Dullo, W.C., Haberkern, J., Hebbeln, D., 2019.
Mid-Holocene extinction of cold-water corals on the Namibian shelf steered by the
Benguela oxygen minimum zone. Geology 47 (12), 1185–1188.
Titschack, J., Thierens, M., Dorschel, B., Schulbert, C., Freiwald, A., Kano, A., Takashima,
C., Kawagoe, N., Li, X., 2009. Carbonate budget of a cold-water coral mound
(Challenger Mound, IODP Exp. 307). Mar. Geol. 259, 36–46.
Titschack, J., Baum, D., De Pol-Holz, R., López Correa, M., Forster, N., Flögel, S., Hebbeln,
D., Freiwald, A., 2015. Aggradation and carbonate accumulation of Holocene
Norwegian cold-water coral reefs. Sedimentology 62, 1873–1898.
Urien, C.M., Ewing, M., 1974. Recent Sediments and Environment of Southern Brazil,
Uruguay, Buenos Aires, and Rio Negro Continental Shelf. In: Burk, C.A., Drake, C.L.
(Eds.), The Geology of Continental Margins. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 157–177.
Valla, D., Piola, A.R., Meinen, C.S., Campos, E., 2018. Strong Mixing and Recirculation in
the Northwestern Argentine Basin. J. Geophys. Res. Oceans 123, 4624–4648.
Van Rooij, D., De Mol, B., Huvenne, V., Ivanov, M., Henriet, J.P., 2003. Seismic evidence
of current-controlled sedimentation in the Belgica mound province, upper Porcupine
slope, southwest of Ireland. Mar. Geol. 195, 31–53.
Van Rooij, D., Blamart, D., De Mol, L., Mienis, F., Pirlet, H., Wehrmann, L.M., Barbieri, R.,
Maignien, L., Templer, S.P., de Haas, H., Hebbeln, D., Frank, N., Larmagnat, S.,
Stadnitskaia, A., Stivaletta, N., van Weering, T., Zhang, Y., Hamoumi, N., Cnudde, V.,
Duyck, P., Henriet, J.P., 2011. Cold-water coral mounds on the Pen Duick
Escarpment, Gulf of Cadiz: The MiCROSYSTEMS project approach. Mar. Geol. 282,
102–117.
Van Weering, T.C.E., de Haas, H., de Stigter, H.C., Lykke-Andersen, H., Kouvaev, I., 2003.
Structure and development of giant carbonate mounds at the SW and SE
RockallTrough margins, NE Atlantic Ocean. Mar. Geol. 198 (1–2), 67–81.
Vandorpe, T., Van Rooij, D., de Haas, H., 2014. Stratigraphy and paleoceanography of a
topography-controlled contourite drift in the Pen Duick area, southern Gulf of Cádiz.

Hinz, K., Neben, S., Schreckenberger, B., Roeser, H.A., Block, M., Souza, K.G.d., Meyer,
H., 1999b. The Argentine continental margin north of 48°S: sedimentary successions,
volcanic activity during breakup. Mar. Pet. Geol. 16, 1–25.
Hübscher, C., Dullo, C., Flögel, S., Titschack, J., Schönfeld, J., 2010. Contourite drift
evolution and related coral growth in the eastern Gulf of Mexico and its gateways. Int.
J. Earth Sci. 99, 191–206.
Huvenne, V.A.I., Bailey, W.R., Shannon, P.M., Naeth, J., di Primio, R., Henriet, J.P.,
Horsﬁeld, B., de Haas, H., Wheeler, A., Olu-Le Roy, K., 2007. The Magellan mound
province in the Porcupine Basin. Int. J. Earth Sci. 96, 85.
Huvenne, V.A.I., Masson, D.G., Wheeler, A.J., 2009a. Sediment dynamics of a sandy
contourite: the sedimentary context of the Darwin cold-water coral mounds, Northern
Rockall Trough. Int. J. Earth Sci. 98, 865–884.
Huvenne, V.A.I., Van Rooij, D., De Mol, B., Thierens, M., O’Donnell, R., Foubert, A.,
2009b. Sediment dynamics and palaeo-environmental context at key stages in the
Challenger cold-water coral mound formation: Clues from sediment deposits at the
mound base. Deep-Sea Res. I Oceanogr. Res. Pap. 56, 2263–2280.
Kasten, S., Participants of RV Sonne Cruise SO260, 2019. Dynamics of sedimentation
processes and their impact on biogeochemical reactions on the continental slope oﬀ
Argentina and Uruguay (MARUM). In: Cruise No. SO260/Leg 1 & Leg2, Leg 1:
January 12 - January 30, 2018, Buenos Aires (Argentina) - Montevideo (Uruguay),
Leg 2: February 2 - February, 14, 2018. Montevideo (Uruguay) - Buenos Aires
(Argentina), DosProBio.
Kenyon, N.H., Akhmetzhanov, A.M., Wheeler, A.J., van Weering, T.C.E., de Haas, H.,
Ivanov, M.K., 2003. Giant carbonate mud mounds in the southern Rockall Trough.
Mar. Geol. 195, 5–30.
Krastel, S., Wefer, G., Hanebuth, T.J.J., Antobreh, A.A., Freudenthal, T., Preu, B.,
Schwenk, T., Strasser, M., Violante, R., Winkelmann, D., party, M.s.s., 2011.
Sediment dynamics and geohazards oﬀ Uruguay and the de la Plata River region
(northern Argentina and Uruguay). Geo-Mar. Lett. 31, 271–283.
Krastel, S., Lehr, J., Winkelmann, D., Schwenk, T., Preu, B., Strasser, M., et al., 2013. Mass
wasting along Atlantic continental margins: a comparison between NW-Africa and
the de la Plata River region (northern Argentina and Uruguay). In: Krastel, S.,
Behrmann, J.-H., Völker, D. (Eds.), Submarine Mass Movements and Their
Consequences, Vol. 37, Advances in Natural and Technological Hazards Research. C.
Berndt, and R. Urgeles (Springer International Publishing), M. Stipp, pp. 459–470.
Laprida, C., Bozzano, G., Garberoglio, R., Violante, R.A., 2014. Late Cenozoic fossil coldwater coral concentrations and mounds on the Argentine continental margin,
Southwest South Atlantic, 2nd Deep-Water Circulation Congress. Ghent, Belgium, pp.
121–122.
Le Guilloux, E., Olu, K., Bourillet, J.F., Savoye, B., Iglésias, S.P., Sibuet, M., 2009. First
observations of deep-sea coral reefs along the Angola margin. Deep-Sea Res. II Top.
Stud. Oceanogr. 56, 2394–2403.
Lo Iacono, C., Gràcia, E., Ranero, C.R., Emelianov, M., Huvenne, V.A.I., Bartolomé, R.,
Booth-Rea, G., Prades, J., Ambroso, S., Dominguez, C., Grinyó, J., Rubio, E., Torrent,
J., 2014. The West Melilla cold water coral mounds, Eastern Alboran Sea:
Morphological characterization and environmental context. Deep-Sea Res. II Top.
Stud. Oceanogr. 99, 316–326.
Matos, L., Wienberg, C., Titschack, J., Schmiedl, G., Frank, N., Abrantes, F., Cunha, M.R.,
Hebbeln, D., 2017. Coral mound development at the Campeche cold-water coral
province, southern Gulf of Mexico: Implications of Antarctic Intermediate Water increased inﬂuence during interglacials. Mar. Geol. 392, 53–65.
Mienis, F., van Weering, T., de Haas, H., de Stigter, H., Huvenne, V., Wheeler, A., 2006.
Carbonate mound development at the SW Rockall Trough margin based on high resolution TOBI and seismic recording. Mar. Geol. 233, 1–19.
Makou, M.C., Oppo, D.W., Curry, W.B., 2010. South Atlantic intermediate water mass
geometry for the last glacial maximum from foraminiferal Cd/Ca. Paleoceanography
25 PA4101.
Mienis, F., de Stigter, H.C., White, M., Duineveld, G., de Haas, H., van Weering, T.C.E.,
2007. Hydrodynamic controls on cold-water coral growth and carbonate-mound
development at the SW and SE Rockall Trough Margin, NE Atlantic Ocean. Deep-Sea
Res. I Oceanogr. Res. Pap. 54, 1655–1674.
Miramontes, E., Cattaneo, A., Jouet, G., Théreau, E., Thomas, Y., Rovere, M., Cauquil, E.,
Trincardi, F., 2016. The Pianosa Contourite Depositional System (Northern
Tyrrhenian Sea): Drift morphology and Plio-Quaternary stratigraphic evolution. Mar.
Geol. 378, 20–42.
Mudelsee, M., Schulz, M., 1997. The Mid-Pleistocene climate transition: onset of 100 ka
cycle lags ice volume build-up by 280 ka. Earth Planet. Sci. Lett. 151, 117–123.
Muñoz, A., Cristobo, J., Rios, P., Druet, M., Polonio, V., Uchupi, E., Acosta, J., 2012.
Sediment drifts and cold-water coral reefs in the Patagonian upper and middle continental slope. Mar. Pet. Geol. 36, 70–82.
Owens, W.B., Hogg, N.G., 1980. Oceanic observations of stratiﬁed Taylor columns near a
bump. Deep Sea Res. A Oceanogr. Res. Pap. 27, 1029–1045.
Piola, A.R., Matano, R.P., 2001. Brazil And Falklands (malvinas) Currents. In: Steele, J.H.
(Ed.), Encyclopedia of Ocean Sciences. Academic Press, Oxford, pp. 340–349.
Piola, A.R., Franco, B.C., Palma, E.D., Saraceno, M., 2013. Multiple jets in the Malvinas
Current. J. Geophys. Res. Oceans 118, 2107–2117.
Pomar, L., Morsilli, M., Hallock, P., Bádenas, B., 2012. Internal waves, an under-explored
source of turbulence events in the sedimentary record. Earth Sci. Rev. 111, 56–81.
Preu, B., Schwenk, T., Hernández-Molina, F.J., Violante, R., Paterlini, M., Krastel, S.,
Tomasini, J., Spieß, V., 2012. Sedimentary growth pattern on the northern Argentine
slope: The impact of North Atlantic Deep Water on southern hemisphere slope architecture. Mar. Geol. 329-331, 113–125.
Preu, B., Hernández-Molina, F.J., Violante, R., Piola, A.R., Paterlini, C.M., Schwenk, T.,
Voigt, I., Krastel, S., Spiess, V., 2013. Morphosedimentary and hydrographic features
of the northern Argentine margin: The interplay between erosive, depositional and
gravitational processes and its conceptual implications. Deep-Sea Res. I Oceanogr.

19

Marine Geology 427 (2020) 106223

L. Steinmann, et al.

changesin the strength of deep southern component water and sediment supply at the
Argentine continental margin. Paleoceanography 34. https://doi.org/10.1002/
2016PA003079.
Warratz, G., Schwenk, T., Voigt, I., Bozzano, G., Henrich, R., Violante, R., Lantzsch, H.,
2019. Interaction of a deep-sea current with a blind submarine canyon (Mar del Plata
Canyon, Argentina). Mar. Geol. 417, 106002.
Wheeler, A.J., Kozachenko, M., Beyer, A., Foubert, A., Huvenne, V.A.I., Klages, M.,
Masson, D.G., Olu-Le Roy, K., Thiede, J., 2005. Sedimentary processes and carbonate
mounds in the Belgica Mound province, Porcupine Seabight, NE Atlantic. In:
Freiwald, A., Roberts, J.M. (Eds.), Cold-Water Corals and Ecosystems. Springer Berlin
Heidelberg, Berlin, Heidelberg, pp. 571–603.
Wheeler, A.J., Beyer, A., Freiwald, A., de Haas, H., Huvenne, V.A.I., Kozachenko, M., OluLe Roy, K., Opderbecke, J., 2007. Morphology and environment of cold-water coral
carbonate mounds on the NW European margin. Int. J. Earth Sci. 96, 37–56.
Wienberg, C., Titschack, J., 2017. Framework-forming scleractinian cold-water corals
through space and time: a late Quaternary North Atlantic perspective. In: Rossi, S.,
Bramanti, L., Gori, A., Orejas Saco del Valle, C. (Eds.), Marine Animal Forests: the
Ecology of Benthic Biodiversity Hotspots. Springer, Cham, pp. 699–732.
Wienberg, C., Hebbeln, D., Fink, H.G., Mienis, F., Dorschel, B., Vertino, A., López Correa,
M., Freiwald, A., 2009. Scleractinian cold-water corals in the Gulf of Cádiz - ﬁrst clues
about their spatial and temporal distribution. Deep-Sea Res. I 56, 1873–1893.
Wienberg, C., Frank, N., Mertens, K.N., Stuut, J.-B., Marchant, M., Fietzke, J., Mienis, F.,
Hebbeln, D., 2010. Glacial cold-water coral growth in the Gulf of Cádiz: Implications
of increased palaeo-productivity. Earth Planet. Sci. Lett. 298, 405–416.
Wienberg, C., Titschack, J., Freiwald, A., Frank, N., Lundälv, T., Taviani, M., Beuck, L.,
Schröder-Ritzrau, A., Krengel, T., Hebbeln, D., 2018. The giant Mauritanian coldwater coral mound province: oxygen control on coral mound formation. Quat. Sci.
Rev. 185, 135–152.
Zibrowius, H., 1980. Les scléractiniaires de la Méditerranée et de l’Atlantique nord-oriental. Mémoires de l'Institut océanographique. Musée Océanographique, Monaco,
pp. 247.
Zweng, M.M., Reagan, J.R., Antonov, J.I., Locarnini, R.A., Mishonov, A.V., Boyer, T.P.,
Garcia, H.E., Baranova, O.K., Johnson, D.R., Seidov, D., Biddle, M.M., 2013. World
Ocean Atlas. pp. 2013.

Mar. Geol. 349, 136–151.
Vandorpe, T., Wienberg, C., Hebbeln, D., Van den Berghe, M., Gaide, S., Wintersteller, P.,
Van Rooij, D., 2017. Multiple generations of buried cold-water coral mounds since
the Early-Middle Pleistocene Transition in the Atlantic Moroccan Coral Province,
southern Gulf of Cádiz. Palaeogeogr. Palaeoclimatol. Palaeoecol. 485, 293–304.
Viana, A.R., Faugeres, J.C., Kowsmann, R.O., Lima, J.A.M., Caddah, L.F.G., Rizzo, J.G.,
1998. Hydrology, morphology and sedimentology of the Campos continental margin,
oﬀshore Brazil. Sediment. Geol. 115, 133–157.
Victorero, G., Huvenne, V.A.I., Blamart, D., Pons-Branchu, E., Mavrogordato, M.N.,
Masson, D.G., Lo Iacono, C., Wynn, R., 2016. The Darwin Mounds, N Rockall Trough:
how the dynamics of a sandy contourite inﬂuenced cold-water coral growth. Mar.
Geol. 378, 186–195.
Violante, R.A., Paterlini, C.M., Costa, I.P., Hernández-Molina, F.J., Segovia, L.M.,
Cavallotto, J.L., Marcolini, S., Bozzano,, G., Laprida, C., García Chapori, N., Bickert,
T., Spiess, V., 2010. Sismoestratigraﬁa y evolución geomorfológica del talud continental adyacente al litoral del este bonaerense. Argentina. Lat. Am. J. Sedimentol.
Basin Anal. 17, 33–62.
Violante, R.A., Paterlini, C.M., Marcolini, S.I., Costa, I.P., Cavallotto, J.L., Laprida, C.,
Dragani, W., García Chapori, N., Watanabe, S., Totah, V., Rovere, E.I., Osterrieth,
M.L., 2014. The Argentine continental shelf: morphology, sediments, processes and
evolution since the Last Glacial Maximum. Geol. Soc. Lond. Mem. 41 (1), 55–68.
Vivier, F., Provost, C., 1999. Volume transport of the Malvinas Current: Can the ﬂow be
monitored by TOPEX/POSEIDON? J. Geophys. Res. Oceans 104, 21105–21122.
Voigt, I., Henrich, R., Preu, B.M., Piola, A.R., Hanebuth, T.J.J., Schwenk, T., Chiessi, C.M.,
2013. A submarine canyon as a climate archive — Interaction of the Antarctic
Intermediate Water with the Mar del Plata Canyon (Southwest Atlantic). Mar. Geol.
341, 46–57.
Voigt, I., Chiessi, C.M., Piola, A.R., Henrich, R., 2016. Holocene changes in Antarctic
Intermediate Water ﬂow strength in the Southwest Atlantic. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 463, 60–67.
Waelbroeck, C., Labeyrie, L., Michel, E., Duplessy, J.C., McManus, J.F., Lambeck, K.,
Balbon, E., Labracherie, M., 2002. Sea-level and deep water temperature changes
derived from benthic foraminifera isotopic records. Quat. Sci. Rev 21, 295–305.
Warratz, G., Henrich, R., Voigt, I., Chiessi, C.M., Kuhn, G., Lantzsch, H., 2017. Deglacial

20

