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A B S T R A C T   

Interactions between along-slope bottom currents and down-slope turbidity flows can create a myriad of features 
and deposits. Despite numerous efforts to differentiate contourites from turbidites and mixed features, reliable 
diagnostic criteria are still lacking from the stratigraphic and sedimentological viewpoints. The main aim of this 
study is to develop criteria to differentiate mixed, along-slope-, and down-slope-generated elements from other 
deep-water deposits across bathymetric, seismic and sediment core data. 

Mixed (turbidite-contourite) systems can be placed in three main groups based on their location, dimensions, 
elongation, lateral migration, spatial and temporal variability: 1) turbidite-dominated mixed systems, 2) synchro-
nous systems, and 3) contourite-dominated mixed systems. The persistence of bottom currents —in addition to their 
velocity, direction, and hydrodynamic fluctuations— is responsible for entraining and redistributing fine-grained 
particles, carried in suspension by coeval turbidity flows, and reworking previously deposited sediments. 
Changes in turbidity current velocity, frequency, and duration condition the provision of sediments and devel-
opment of turbidites along mixed systems. Several preliminary models are also being proposed in this study, in 
order to enhance our understanding of the lateral and vertical distribution of mixed systems across the sedi-
mentary record. 

Interactions between along- and down-slope processes may be synchronous, asynchronous or passive. Syn-
chronous interactions typically occur within the same physiographic setting and the two processes interact 
coevally in space and time. Asynchronous interactions are also common across the modern and ancient sedi-
mentary records, as bottom currents sweep across the deep-water environments during breaks of the turbidity 
flows. Passive interactions occur along the distal margins of mixed systems, or when the two processes occur near 
each other but do not cross over in time. Further controlling factors are held to be influential in the evolution of 
mixed systems at the short- to long-term; varying degrees of confinement, sediment supply or climatic fluctua-
tions can generate cyclic stacking patterns and affect their overall dimensions. Accordingly, mixed systems 
feature more complex geometries than previously believed, as interactions may generate new secondary pro-
cesses and features. Such systems form potential plays and may become future targets for energy geosciences and 
other research fields.   
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1. Introduction 

Interactions between along- and down-slope processes are common 
across most continental margins. Down-slope, gravity-driven currents 
transport substantial amounts of sediment to the deep-sea, covering tens 
to hundreds of kilometres from a few seconds to several days (Middleton 
and Hampton, 1973; Covault et al., 2012). There is an entire spectrum of 
gravity-driven processes responsible for carrying sediments to the 
oceanic basins, from slides and slumps to debris flows and turbidity 
currents (Postma, 1986; Haughton et al., 2009). In contrast, along-slope 
bottom currents are usually associated with extensive accumulations of 
sediments, from the outer shelf to the abyssal plain, if a significant 
sediment input is available (Faugères and Stow, 2008; Rebesco et al., 
2014). The erosional or depositional capacity of a bottom current varies 
in time and along its track, as it can be influenced by more than one 
water mass (Hernández-Molina et al., 2008, 2018) or by other oceano-
graphic processes, such as internal waves, tides, or baroclinic currents 
(Stow et al., 2008; Shanmugam, 2008, 2017). 

Conventionally, true interaction between bottom and gravity-driven 
currents (i.e., turbidity currents) was considered to require both pro-
cesses active and with equal energy over a considerable period of time 
(Mulder et al., 2008). However, gravity-driven currents are usually 
surges of short duration (Clare et al., 2020), while bottom currents are 
considered persistent flows that can last for thousands of years (Zenk, 
2008) and which have fluctuations at multiple timescales (Gardner 
et al., 2017; Thran et al., 2018; Miramontes et al., 2019). Therefore, the 
two processes have very different characteristics, yet frequent in-
teractions between the two have built significant mixed turbidite- 
contourite systems (hereafter “mixed systems”) across numerous conti-
nental margins (Fig. 1). Key examples include the modern mixed sys-
tems along the Pacific margin of the Antarctic Peninsula (PMAP) 
(Rebesco et al., 1998, 2002; Lucchi and Rebesco, 2007; Amblas and 
Canals, 2016; Rodrigues et al., 2022a, 2022c), Weddell Sea (Michels 
et al., 2002; Huang and Jokat, 2016), South China Sea (Gong et al., 
2013, 2016), the Paleogene deposits along the Brazilian (Viana et al., 
2007; Viana, 2008; Mutti et al., 2014; Pandolpho et al., 2021), 

Mozambican (Chen et al., 2020; Fonnesu et al., 2020; Thiéblemont et al., 
2020) and Tanzanian margins (Sansom, 2018; Fuhrmann et al., 2020), 
and the Cretaceous records offshore Argentina (Rodrigues et al., 2021), 
Uruguay (Badalini et al., 2016; Creaser et al., 2017), Nova Scotia 
(Rodrigues et al., 2022b) and Mauritania (Mourlot et al., 2018). 

Despite the abundant recognition of mixed systems, there is a clear 
lack of diagnostic criteria at the seismic and facies scales. For instance, 
several authors have proposed a distinction between mixed and hybrid 
systems, as hybrid systems are interpreted to have been built by 
frequent, synchronous interactions between turbidity and bottom cur-
rents (which would form bottom current reworked sands or transitional 
facies; Sansom, 2018; Fonnesu et al., 2020; Fuhrmann et al., 2020), 
whereas mixed systems may have changes between synchronous and 
asynchronous interactions (which would result in intercalations of 
bottom current reworked sands, pure turbidites, contourites or other 
deep-water deposits; Lucchi and Rebesco, 2007; Gong et al., 2013, 2016; 
de Castro et al., 2020; Pandolpho et al., 2021). This interpretation as-
sumes that the velocity and synchrony between the two processes is 
balanced across hybrid systems, which has yet to be measured across 
deep-water environments or assessed through rigorous lab experiments 
and numerical models. 

Furthermore, two contrasting interpretations have been proposed for 
mixed systems, with different bottom current directions relative to the 
downstream turbidity current (Gong et al., 2018; Sansom, 2018; Fon-
nesu et al., 2020). The examples across SE Greenland, South China Sea, 
Uruguay and Argentina revealed bottom currents flowing in the same 
direction as the system migration, generally down-current (Rasmussen 
et al., 2003; Gong et al., 2013, 2016, 2020; Creaser et al., 2017; 
Rodrigues et al., 2021), whereas the mixed systems along the Antarctic 
Peninsula, Mozambique and Tanzania recorded bottom currents flowing 
opposite to the system migration, in an up-current direction (Camer-
lenghi et al., 1997; Rebesco et al., 1998, 2002; Sansom, 2018; Fonnesu 
et al., 2020; Fuhrmann et al., 2020, 2022; Thiéblemont et al., 2020; 
Miramontes et al., 2021). Recent flume tank experiments by Miramontes 
et al. (2020b) recreated the latter configuration, with simultaneous in-
teractions between turbidity and bottom currents forming an up-current 

Fig. 1. Mixed turbidite-contourite depositional systems identified in the Cretaceous (red dots), Eocene-Oligocene (yellow dots) and modern (purple dots) records. 
This compilation is based on works presented in Fig. 2 and Supplementary Table S1. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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migrating system. An analysis of modern mixed systems, and compari-
son with ancient systems, is needed to establish the link between the 
different processes and products and to address the various conceptual 
models and their uncertainties. 

In this work, we have compiled all currently known cases (to the best 
of the authors’ knowledge; Figs. 1 and 2) and presented new undocu-
mented examples (Supplementary Table S1) to compare their lateral 
migration, stratigraphic stacking patterns and seismic facies. In 

Fig. 2. Timeline of previous studies focused on mixed depositional systems (shown in the horizontal axis), with a considerable increase in publications since the 
2000s (in the vertical axis). After Bouma (1972), Bouma and Hollister (1973), Bouma and Treadwell (1975), Heritier et al. (1979), Mutti et al. (1980, 2014), Lovell 
and Stow (1981), Millot and Monaco (1984), Enjolras et al. (1986), Stanley (1987, 1988, 1993), Shanmugam et al. (1993), Mutti (1992), Ito (1996, 2002), Rebesco 
et al. (1996, 1997, 1998, 2002, 2007, 2016), Viana et al. (1998, 1999), Faugeres et al. (1999), Michels et al. (2001, 2002), Uenzelmann-Neben (2001, 2006), van 
Raaphorst et al. (2001), Lucchi et al. (2002), Knutz et al. (2002), Lu et al. (2003), Rasmussen et al. (2003), Kuvaas et al. (2005), Scheuer et al. (2006), Lucchi and 
Rebesco (2007), Marches et al. (2007, 2010), Moraes et al. (2007), Trincardi et al. (2007), Cowan et al. (2008), Esmerode et al. (2008), Mulder et al. (2008), 
Hanquiez et al. (2010), Hernández-Molina et al. (2010, 2017), Ercilla et al. (2011, 2019), Brackenridge et al. (2013), Chen et al. (2013, 2016, 2020), Fonnesu (2013), 
Gong et al. (2013, 2015, 2016, 2018), Preu et al. (2013), Cossu et al. (2014), Palermo et al. (2014), Forwick et al. (2015), Palamenghi et al. (2015), Zhong et al. 
(2015), Amblas and Canal (2016), Badalini et al. (2016), Huang and Jokat (2016), Takashimizu et al. (2016), Creaser et al. (2017), Owens (2017), Sansom (2017, 
2018), Maselli and Kneller (2018), Mourlot et al. (2018), Nugraha et al. (2018), Kroeger et al. (2019), Normandeau et al. (2019), Warratz et al. (2019), Casson et al. 
(2020), Cauxeiro et al. (2020), de Castro et al. (2020), Fonnesu et al. (2020), Fuhrmann et al. (2020, 2022), Kendell and Deptuck (2020), Li et al. (2020), Miramontes 
et al. (2020a,b), Georgiopoulou et al. (2021), Luan et al. (2021), Mencaroni et al. (2021), Pandolpho et al. (2021), Rodrigues et al. (2021, 2022a, 2022b, 2022c), 
Verweirder et al. (2021), Wang et al. (2021), Roque et al. (2022) and Martorelli et al. (2016). 
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addition, morphometric relationships of three key examples (offshore 
Nova Scotia, Argentina and in the Pacific margin of the Antarctic 
Peninsula) are investigated in detail to document their spatial and 
temporal distribution and to compare their similarities and differences. 
These examples were chosen primarily due to their distinct locations (in 
the northern hemisphere, southern hemisphere and polar region, 
respectively), depositional settings (upper slope vs. middle to lower 
slope vs. continental rise) and occurrence in time (as two of the mixed 
systems developed during the Cretaceous period whereas the third 
example developed between the Neogene and the present). Based on this 
compilation, a new classification system is proposed, along with clear 
diagnostic criteria, to address some of the previous inconsistencies and 
to characterize the spatial and temporal variability of mixed systems. 

2. Historical overview 

The identification of mixed depositional systems in the deep-sea has 
been based mostly on seismic reflection data and bathymetry (see Fig. 2 
for references). The external geometry of their main depositional and 
erosional morphological features (such as mounded drifts or submarine 
channels) is easy to recognize at a basin-scale or even at an inter-basin 
scale. In fact, many mixed systems have been identified across most 
continental margins since the 80s (Figs. 1 and 2; Stanley, 1987; Shan-
mugam et al., 1993; Viana et al., 1998; and references herein). For 
example, reworked deposits were first recognized 48 years ago (Bouma 
and Hollister, 1973) and the first models were proposed over 34 years 
ago (Fig. 2; Stanley, 1987, 1993). The only restriction to their detection 
was that previous authors considered there to be a dominance of 
turbidite processes in deep-sea sedimentation and often overlooked 
manifestations of other sedimentary or depositional processes (Rebesco 
et al., 2014). Nonetheless, research into mixed systems has increased 
significantly over the last years, thanks to the discovery of remarkable 
examples (such as the modern mixed systems in the Pacific margin of the 
Antarctic Peninsula and the ancient Cretaceous systems in the Danish 
North Sea; Fig. 2), new concepts and lab experiments (Creaser et al., 
2017; Fonnesu et al., 2020; Batchelor et al., 2021; Miramontes et al., 
2021; Rodrigues et al., 2021, 2022b). In particular, the discovery of over 
2.32 × 1012 m3 of gas in the Paleogene mixed systems deposits offshore 
Mozambique revealed that these systems are characterized by extraor-
dinary reservoir quality (Fonnesu, 2013; Fonnesu et al., 2020) and thus, 
renewed the interest and attention from academia and other research 
bodies. 

Despite the numerous sightings in the offshore, the identification of 
mixed features in outcrops remains extremely difficult, as it is often not 
possible to discern their external geometries at the outcrop scale. Their 
identification is also obscured by the overprint of other geologic pro-
cesses, such as bioturbation, compaction, erosion, tectonics and meta-
morphism (de Castro et al., 2020; Kendell and Deptuck, 2020; Stow and 
Smillie, 2020). Therefore, the recognition of mixed turbidite-contourite 
deposits in outcrops needs to consider the context behind their forma-
tion, supported by a detailed paleogeographic and paleoceanographic 
framework. At present, there is only one well-known example in the 
onshore, the Upper Miocene to Pliocene deposits of Miradouro da Lua in 
the Kwanza Basin, Angola (Fig. 2; Cauxeiro et al., 2020). This study 
recognized intercalations of contourite and turbidite facies across 
several outcrops, characterized by clean, well-sorted sands, due to 
persistent bottom-current reworking (Cauxeiro et al., 2020). Other ex-
amples present small incursions and interactions between the two pro-
cesses in ancient contourite- or turbidite-dominated settings (Stow et al., 
2002; Hüneke and Stow, 2008; Hüneke et al., 2020; Wang et al., 2021). 

3. Data and methods 

Apart from a rigorous literature compilation, this study benefits from 
a wide range of seismic and bathymetric datasets, in order to better 
understand the spatial and temporal variability of mixed systems at 

different seismic resolutions. Three distinct systems are investigated, in 
detail, using various seismic datasets, from 2D broadband seismic 
reflection data to 3D seismic surveys and high-resolution sub-bottom 
profiles (Supplementary Table S2). These datasets cover, respectively, 
the Cretaceous mixed systems offshore Argentina, the Cretaceous to 
Eocene systems along the Nova Scotian margin, and the modern case 
along the Pacific margin of the Antarctic Peninsula (Fig. 3). 

3.1. Bathymetry 

The bathymetric data presented in this study consists of the global 
GEBCO 2019 dataset (GEBCO, 2019), which is a compilation of the 
available multibeam and single beam data collected around the world. 
The dataset was interpolated to 100 m cell size and projected to the 
Mercator spherical projection to minimize distortion (Fig. 3). 

3.2. Seismic data 

Each seismic dataset has been acquired through different methods 
and processed through various software systems. Seismic acquisition 
and processing have been described, in depth, in previous studies (Larter 
et al., 2021; Rodrigues et al., 2021, 2022b, 2022c). Key parameters for 
each seismic survey are summarized in Supplementary Table S2. 

For the exemplary case on the Argentine margin (Fig. 4B), we used 
2D broadband seismic reflection data, acquired by Spectrum (now TGS) 
in 2017–2018 (Rodrigues et al., 2021). The seismic data consists of a 
grid of 34 dip lines and 15 strike lines (each seismic line separated by 20 
km, with a finer mesh of 10 km in the center). The seismic dataset has a 
resolution of ~9 m and a maximum frequency of 75 Hz. This seismic 
dataset covers a large portion of the Argentine margin, from the conti-
nental shelf at 100 m water depth to the continental rise at 6000 m water 
depth (Fig. 3; Rodrigues et al., 2021). 

For the Nova Scotian mixed systems (Fig. 4A), we were able to use 
three 3D seismic surveys: the Torbrook, Thrumcap and Stonehouse 
surveys (Fig. 3). The Torbrook and Stonehouse 3D surveys were ac-
quired by EnCana Corporation in 2000 and 2003, respectively, and the 
Thrumcap 3D survey was acquired by Shell Canada in 2001 (Campbell, 
2011; Rodrigues et al., 2022b). The 3D seismic datasets have inline and 
crossline spacing of 12.5–37.5 m and vertical resolution of ~16 m, with 
35–40 Hz frequency (Rodrigues et al., 2022b). 

For the modern case along the Pacific margin of the Antarctic 
Peninsula (PMAP; Fig. 4C), we used Topographic Parametric Sonar 
(TOPAS) profiles acquired in 2015 by the British Antarctic Survey (BAS) 
(Larter et al., 2021). The sub-bottom profiles have a frequency band of 
1.5–5 kHz and a vertical resolution <1 m (Rodrigues et al., 2022c). The 
TOPAS sub-bottom profiles were used to characterize the upper sedi-
mentary sequence of the modern mixed systems (down to ≤150 ms two- 
way-travel time [TWT], corresponding to ~115 m below seafloor). 

3.3. Nomenclature 

The description of the different morphological elements, identified 
along mixed systems, follows the criteria proposed by Faugères et al. 
(1999), Rebesco et al. (2014), Fonnesu et al. (2020) and Rodrigues et al. 
(2021). Their studies define erosional and depositional features such as 
deep-sea channels, canyons, levees, gravitational deposits (turbidites 
and mass-transport deposits = MTDs) and submarine fans as being 
generated by down-slope gravity-driven currents, whereas features such 
as contouritic channels, moats, terraces and drifts were formed or sub-
tantially reworked by the persistent action of along-slope bottom cur-
rents. Other elements, such as gullies, are considered mixed erosional- 
depositional features due to the ocurrence of both erosion and deposi-
tion during their formation. Mixed (turbidite-contourite) systems 
contain a wide range of features and deposits, derived from one of the 
two end members (contourite or turbidite) or their interactions, and 
subtantially shaped or reworked by the highly dynamic processes acting 
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Fig. 3. Location of three key examples: A) Cretaceous to Eocene record of the Nova Scotian margin; B) Late Cretaceous deposits on the Argentine margin; and C) 
modern systems across the Pacific margin of the Antarctic Peninsula. 
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in the area (Mulder et al., 2008; Rodrigues et al., 2021, 2022c). Such 
features are considered as part of a continuous spectrum of seismic facies 
between contourite-dominated features and turbidite-dominated fea-
tures (Rodrigues et al., 2021). Taking this approach, we were able to 
distinguish and characterize distinct morphological features, according 
to their orientation, external morphology, lateral migration, stacking 
patterns and seismic facies (Rodrigues et al., 2021). A cautionary note on 
the hierarchy and scale of the channels identified in mixed systems 

should be mentioned here as they present significantly larger di-
mensions and wider morphologies than those recognized in turbidite 
systems (Macauley and Hubbard, 2013; Hubbard et al., 2014, 2020; 
Cullis et al., 2018). 

3.4. Methodology 

The geometries and dimensions of the Nova Scotian, Argentine and 

Fig. 4. Seismic profiles across three key examples: A) Cretaceous to Eocene mixed systems (ranging between horizons K125 and T50) offshore Nova Scotia; B) 
Cretaceous mixed systems (comprising units U2 – U4) on the Argentine margin; and C) modern systems (comprising units U1 – U4) along the Pacific margin of the 
Antarctic Peninsula. Location of seismic profiles in Figs. 3 and 8. 

S. Rodrigues et al.                                                                                                                                                                                                                              



Earth-Science Reviews 230 (2022) 104030

7

PMAP mixed systems were compiled and examined in detail, to study 
their trends and relations (Figs. 3 and 4). Seismic surface maps and high- 
resolution bathymetric grids were used to log the dimensions of the 
mounded drifts and submarine channels identified in each study case 
(Fig. 5). 

We mapped a total of 32 mounded drifts and 35 channels across the 
three study cases (Fig. 3). Following the conventions of width, length, 
height, and depth used in other morphometric studies (Konsoer et al., 
2013; Symons et al., 2016; Pettinga et al., 2018; Shumaker et al., 2018; 
Cullis et al., 2019; Englert et al., 2020), we measured channel and drift 
widths perpendicular to their trend, as the distance between the two 
channel margins (Fig. 5). Moreover, widths were taken at the start (s-w 
in Fig. 5), middle (m-w in Fig. 5) and final transects (e-w in Fig. 5), 
perpendicular to the drift and channel morphologies. Channel lengths 
were measured as the maximum downstream distance from the channel 
head to the channel mouth, parallel to the margins (Fig. 5). Drift lengths 
were measured as the maximum distance between the proximal and 
distal flanks (Fig. 5). Channel depths were measured as the maximum 
vertical distance between the channel margins and the thalweg. For 
asymmetric or wide unconfined channels, the largest depth was recor-
ded. Depth measurements were extracted from perpendicular elevation 
profiles in water depth (m) and seismic profiles in depth (m) (Fig. 5). 
Drift heights were measured as the maximum vertical relief between the 
crest and the surrounding seafloor (Fig. 5). For drifts with more than one 
crest, the largest height was logged. Measurements across the 3D seismic 
cubes of Nova Scotia were also converted from two-way time (TWT ms) 

to depth (m), assuming the velocity model shown in Campbell et al. 
(2015), which was obtained by compiling checkshot- and vertical 
seismic profile (VSP)- derived time-depth pairs for all deep-water wells 
in the study area between the Cretaceous and Cenozoic interval. Outliers 
and anomalous values were filtered by removing measurements 170% 
greater than the maximum width or depth recorded. The ancient mixed 
systems offshore Argentina and Nova Scotia are buried below 1–1.5 km 
of Cenozoic sediments (Fig. 4A and B) and therefore, measurements of 
their channels and drifts should be considered relative estimations. We 
also calculated aspect ratios (width vs. depth, width vs. height and width 
vs. length), quartiles (boxplots), and cumulative distributions (fre-
quencies) of each measurement. 

4. Comparison between mixed depositional systems 

Most authors have identified similar morphological elements across 
mixed depositional systems (Fig. 6). The main depositional features 
usually comprise down-slope elongated mounded drifts, channel-drifts, 
channel-levees or reworked submarine fans / lobes (Figs. 7 and 8; 
Faugères et al., 2002; Creaser et al., 2017; Fonnesu et al., 2020; Mir-
amontes et al., 2021; Rodrigues et al., 2021, 2022b), whereas the main 
erosional features correspond to submarine channels and/or canyons 
(Figs. 6 and 9; Gong et al., 2013; Sansom, 2018; Fuhrmann et al., 2020; 
Mencaroni et al., 2021). Secondary depositional and erosional features 
may also occur in mixed systems, such as gravitational deposits, sedi-
ment waves or gullies (Figs. 9 and 10; Gong et al., 2012; Mutti et al., 
2014; Maselli and Kneller, 2018; Counts et al., 2021). Their character-
istics and dimensions are summarized below, along with key examples 
identified in the literature. 

4.1. Main depositional features 

4.1.1. Down-slope elongated mounded drifts 
Down-slope elongated mounded drifts are the most common depo-

sitional feature in mixed systems (Fig. 6). The mounded drifts are 
characterized by asymmetric geometries in general with a smooth, 
depositional flank and a steep, eroded flank (Fig. 4A). External shapes 
can be described as “almond-shaped” or “cuspate” due to a steep prox-
imal flank and a distal flank that widens and flattens seaward (Fig. 7A). 
Their elongation is often perpendicular or oblique to the margin trend 
(Fig. 8), but some drifts may be deviated and oriented slightly parallel to 
the margin (Fig. 10D). These features are on average ~ 15–40 km wide, 
~20–200 km long and ~ 200–450 m high, but they may reach >150 km 
in width, <500 km in length and > 1.2 km in height (Rodrigues et al., 
2021, 2022a, 2022c). Drift crests are off centre —generally located 
closer to the steeper flank— and have arcuate or crescentic shapes 
(Fig. 7A). The steep flanks are formed by local erosion, due to frequent 
turbidity flows or mass-transport processes surging through the channels 
and across their margins (Rebesco et al., 1998, 2002). Drift bodies 
comprise low amplitude, laterally continuous reflections (Fig. 6); occa-
sionally, high amplitude reflections (HARs) extend laterally from the 
channels towards the mounded drifts, where they lose amplitude and 
thickness (Fig. 4B; Rodrigues et al., 2021). Some examples include the 
Cretaceous mixed systems offshore Uruguay (Fig. 6H; Badalini et al., 
2016; Creaser et al., 2017), Argentina (Fig. 4B; Rodrigues et al., 2021) 
and Nova Scotia (Fig. 4A; Rodrigues et al., 2022b), as well as the modern 
analogues across the PMAP (Fig. 4C; Rebesco et al., 1998, 2002; Larter 
et al., 2019; Rodrigues et al., 2022c) and US Atlantic margin (Mosher 
et al., 2017). Symmetric down-slope elongated mounded drifts have also 
been identified in the Argentinian and Nova Scotian mixed systems 
(Fig. 7A; Rodrigues et al., 2021, 2022b), yet they occur more rarely 
across other mixed systems (Clausen, 1998a; Rebesco et al., 1998, 2002, 
2007). Both flanks of symmetric mounded drifts are aggradational 
(Fig. 7A), with localized erosion near the submarine channels (Rodri-
gues et al., 2021, 2022b). Drift crests are usually centred along the top of 
the drifts or form two distinct drift crests with linear or slightly sinuous 

Fig. 5. Line drawings of morphometric parameters and examples of channel 
and drift body geometries. S-w, m-w and e-w represent cross section mea-
surements at the start, middle, and end of the morphological features, 
respectively. 
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Fig. 6. Examples of depositional and erosional features identified across different mixed systems and the designations given by the respective authors. Alphanumeric 
numbers given to each example, based on the records shown in Fig.1 and Supplementary Table S1: Nova Scotia (A, 2); SE Greenland (B, 1); Mauritania and Senegal 
(C, 34); South Iberia (D, 26); South China Sea (E, 43); Mozambique (F, 38); Argentina (G, 14); Uruguay (H,12); Weddell Sea (I, 16); Tanzania (J, 39); Brazil (K,10); 
Pacific margin of the Antarctic Peninsula (L, 15). See Fig. 1 for location and Supplementary Table S1 for references. 
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shapes (Fig. 7A). Such variations result from preferential sediment 
redistribution by bottom currents towards the centre of the drift or due 
to active turbidity currents eroding both flanks simultaneously (Rodri-
gues et al., 2022b). 

4.1.2. Channel-drifts 
Other mixed systems feature channel-drifts, which grow within the 

channel and towards the channel thalweg (Fig. 9A). Channel-drifts often 
have asymmetric geometries, characterized by a steeper flank near the 
submarine channel, while the opposite flank flattens and extends out-
wards (Fig. 7B). Channel-drifts are considerably smaller than mounded 
drifts or levees, as they are on average ~ 1–5 km wide, ~2–15 km long 
and ~ 100–250 m high, and may reach ca. 5.5 km in width, 15 km in 
length and < 350 m in height (Gong et al., 2018; Chen et al., 2020). 
Channel-drift crests are located very close to the steep flanks (Fig. 7B) 
and do not reach great heights as the channel-drifts are severely limited 
in terms of space. Examples include the Miocene to Quaternary channel- 
drifts along the South China Sea (Figs. 6E and 10B; Chen et al., 2013, 
2016; Gong et al., 2013, 2016; Palamenghi et al., 2015), the Paleogene 
deposits offshore Mozambique (Fig. 6F; Fonnesu et al., 2020; Fuhrmann 
et al., 2020, 2022) and the analogue model generated in flume-tank 
experiments (Miramontes et al., 2020b). These systems often show 
conflicting interpretations (Fonnesu et al., 2020; Gong et al., 2020), as 
the lateral distribution of their features is restricted by channel 
morphology and could either follow an up- or down-current migration 
(Fig. 7B). Furthermore, channel bends might affect their migration, as 
variations in orientation, geometries or dimensions lead to changes in 
sediment overspill and spatial distribution (Chen et al., 2020). 

4.1.3. Channel-levees / levees 
Certain mixed systems comprise channel-levees or levees, which 

resemble gull-wing, asymmetric turbidite levees (Fig. 6I; Kane and 
Hodgson, 2011). Such systems usually have a more developed channel- 
levee along the downstream channel margin (Fig. 9A), as the bottom 
current captures and redistributes sediment towards that margin (Mir-
amontes et al., 2020b), whereas the opposite margin has a less devel-
oped channel-levee formed mainly by lateral overspill from the turbidity 
flows (Fig. 7C). Both levees present crests located closer to the steeper 
flanks, near the submarine channel (Fig. 9A). Levee crests are usually 
cuspate and sharp, similar to turbidite levees crests (Fig. 7C). In terms of 
dimensions, channel-levees are on average 2.5–10 km wide, 7.5–10 km 
long and 250–500 m high, which may reach >10 km in width, >20 km 
in length and > 1 km in height (Miramontes et al., 2021; Rodrigues et al., 
2022c). Several examples have also been identified offshore SE 
Greenland (Fig. 6B; Rasmussen et al., 2003), Nova Scotia (Fig. 10A; 
Normandeau et al., 2019), SE New Zealand (Carter and McCave, 2002; 
Bailey et al., 2021), Wilkes Land (Escutia et al., 2000, 2002), on the SE 
sector of the Weddell Sea (Fig. 6I; Michels et al., 2002; Huang and Jokat, 
2016) and across the Columbia channel in the South Brazilian Basin 
(Faugères et al., 2002). 

4.1.4. Reworked submarine fans / lobes 
Mixed systems across unconfined continental slopes or abyssal plains 

typically develop submarine fans / lobes (Fig. 7D). The submarine fans 
correspond to low morphological reliefs with lens cross-sections and fan- 
shaped geometries (Fig. 9A). Submarine fans typically consist of an 
agglomeration of several lobes (and occasionally, the associated channel 
systems), forming huge, complex distal systems. Each submarine lobe is 
on average ca. 1–10 km wide, 1.5–200 km long and ~ 200 m high, 

Fig. 7. Sketch representing the four main types of depositional features observed on mixed systems: down-slope elongated mounded drifts (A), channel-drifts (B), 
channel-levees / levees (C), and submarine fans / lobes (D). PMAP: Pacific margin of the Antarctic Peninsula. 
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however it may reach up to >10 km wide, >300 km long and > 500 m 
high (Mulder et al., 2008). Their external morphology and dimensions 
are relatively similar to those of submarine fans / lobes found in turbi-
dite settings (Jegou et al., 2008; Prélat et al., 2009, 2010; Cullis et al., 
2018, 2019), however their unilateral stacking patterns is uniquely 
related to the effect of an along-slope bottom current. In fact, the sedi-
mentary lobes are often diverted or reworked by the bottom current 

(Fig. 7D; Mutti et al., 2014), leading to lateral migration in accordance 
with the bottom current direction. This type of system has been found in 
the Gulf of Mexico (Shanmugam et al., 1993; Shanmugam, 2017), in the 
Paleogene record off SE Brazil (Fig. 6K; Viana et al., 2007; Viana, 2008; 
Mutti et al., 2014; Counts et al., 2021) and in the Pliocene deposits of the 
Gulf of Cadiz (Marchès et al., 2007; Brackenridge et al., 2013). 

4.2. Main erosional features 

4.2.1. Submarine channels 
Wide, linear submarine channels have been identified across most 

mixed systems (Fig. 6). Mixed systems along the Antarctic margins and 
Nova Scotia are further characterized by a tributary network of channels 
and gullies across the continental slope (Figs. 8C and 10C; Dowdeswell 
et al., 2004; Rebesco et al., 2007; Hernández-Molina et al., 2017; 
Rodrigues et al., 2022b, 2022c). However, other mixed systems rarely 
exhibit extensive tributary erosional features attached to the channels 
(Fig. 8A; Gong et al., 2013, 2016; Creaser et al., 2017; Sansom, 2018; 
Fuhrmann et al., 2020; Rodrigues et al., 2021). Instead, the submarine 
channels start as steep, V-shaped linear features that evolve down-slope 
into wide, U-shaped channels (Fig. 7A; Creaser et al., 2017; Rodrigues 
et al., 2021). Submarine channels are on average 0.5–10 km wide, 
25–150 km long and ca. 50 m to 2 km deep, but some features may reach 
>15 km in width, >500 km in length and < 3 km in depth (Gong et al., 
2013, 2016; Rodrigues et al., 2021, 2022b, 2022c). These features differ 
quite strongly from turbidite channels due to their overall larger di-
mensions (Macauley and Hubbard, 2013; Hubbard et al., 2014, 2020; 
Cullis et al., 2018) and also due to the fact that they broaden down-dip 
(Fig. 8C), whereas turbidite channels generally become smaller in cross- 
section (Pirmez and Imran, 2003; Covault et al., 2012). Furthermore, 
channels formed in mixed systems typically contour the reliefs created 
by the mounded drifts and become unconfined further seaward 
(Fig. 10C). Their lateral migration also follows the same direction as the 
overall system (Fig. 6). 

Some mixed systems have meandering channels with higher sinu-
osity (Fig. 7B; Chen et al., 2020). In these cases, bottom current influ-
ence is considered weak across the margin, which allows for the 
preservation of external channel geometries and bends (Fig. 10C). Co-
riolis forcing and/or bottom current influence may still lead to unilateral 
migration, as shown for the Mozambican systems (Chen et al., 2020) and 
other deep-water systems (Peakall et al., 2012). Other mixed systems 
have an along-slope contourite channel (or moat), shaped by the main 
core of the bottom current (Fig. 6K). This type of erosional feature 
usually contours around the bathymetric reliefs of the continental slope, 
separating the main morphological features (e.g., down-slope elongated 
mounded drifts) from the slope (Rasmussen et al., 2003; Pandolpho 
et al., 2021). The along-slope channel exhibits a U-shaped external ge-
ometry, similar to the moat/ contourite channel in a pure contourite 
depositional system (Fig. 6K). Currently known examples comprise the 
mixed systems along SE Greenland and Brazil (Rasmussen et al., 2003; 
Pandolpho et al., 2021). 

4.2.2. Submarine canyons 
Few mixed systems are associated with major submarine canyons 

(Serra et al., 2020; Mencaroni et al., 2021; Pandolpho et al., 2021). 
Canyons are characterized by steeper flanks and larger dimensions than 
the submarine channels (Fig. 6D). They usually assume V- to U-shaped 
depressions, perpendicular or oblique to the margin trend (Fig. 9A). On 
mixed systems, these features are on average 1.2–10 km wide, 15–200 
km long and > 150 m to ~1.5 km deep (Rodrigues et al., 2020; Men-
caroni et al., 2021), however larger dimensions have also been measured 
across the South China Sea and Weddell Sea (<20 km wide, >500 km 
long and < 5 km deep; Gong et al., 2013, 2016; Palamenghi et al., 2015). 
Their morphologies may be complex, as they frequently comprise trib-
utary channels across the canyon head, as well as gullies, furrows or 
scarps along their flanks (Fig. 9B; Rodrigues et al., 2020; Serra et al., 

Fig. 8. Maps and datasets of three distinct case studies, investigated in detail: 
A) Stonehouse 3D seismic survey along the Cretaceous mixed system off Nova 
Scotia; B) 2D broadband seismic data across the Cretaceous mixed system, built 
offshore Argentina; and C) bathymetry and sub-bottom TOPAS profiles across 
the PMAP mixed systems. Elevation profiles: A–O; seismic profiles: 4A-C. 
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Fig. 9. Main (A) and secondary (B) morphological features formed in mixed systems.  
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2020). Mixed systems are, from one side, harder to develop near sub-
marine canyons, as these morphological features entrain significant 
amounts of sediment within their flanks and hinder lateral overspill 
from turbidity currents (Puig et al., 2014). However, canyon 
morphology can also deviate bottom currents from their pathway and 
generate vertical eddies (Marchès et al., 2007, 2010) or promote in-
teractions with nepheloid layers, enabling sediment pirating and redis-
tribution by bottom currents (Puig et al., 2014; Serra et al., 2020; Conte 
et al., 2021; Mencaroni et al., 2021). Some examples have been identi-
fied across the Western and SW Iberian margins (Fig. 6D; Marchès et al., 
2007; de Stigter et al., 2011; Serra et al., 2020; Mencaroni et al., 2021) 
and offshore Brazil (Pandolpho et al., 2021). 

4.3. Secondary features 

Other morphological elements occur at an intermediate (>10 m) and 
smaller (>1 m) scale (Fig. 9B). These features usually correspond to 
subordinate features as their formation depends on the development of 
the main morphological elements (e.g., mounded drifts and submarine 
channels). Their description can be classified as depositional, erosional, 
or mixed erosional-depositional (Fig. 9B), according to the main process 
behind their formation. 

4.3.1. Secondary depositional features 

4.3.1.1. Gravitational deposits. In mixed turbidite-contourite systems, 
deposits exclusively formed by gravity-driven processes are frequently 
observed within channels or at the base of steep drift flanks (Fig. 4A). 
These features include MTDs (such as slides, slumps or debrites) or 
turbidite beds and present variable shapes and internal configurations 
(Fig. 9B). Gravitational deposits have incredibly variable shapes and 
dimensions, from ~5 to >30 km in width, ~5 to >140 km in length, and 
~ 10–500 m in thickness (Creaser et al., 2017; Rodrigues et al., 2021, 
2022c). Each type of gravitational deposit is associated with a distinct 
type of gravity-driven process, from turbidity currents to fluidized flows 
or mass-transport processes (Haughton et al., 2009; García et al., 2015). 
Furthermore, the continental slope and steep flanks of the mounded 
drifts are often associated with slope instabilities due to oversteepening, 
high sedimentation rates and frequent down-slope-flowing gravity cur-
rents (Fig. 4C; Teixeira et al., 2019; Rodrigues et al., 2022c). These ef-
fects promote slope failure and development of MTDs or turbidites with 
ambient water entrainment. The PMAP mixed systems present a wide 
variability of gravitational deposits (Fig. 4C), indicating the occurrence 
of different gravity-driven currents and changes between cohesive and 
non-cohesive behaviours (Rodrigues et al., 2022c). Across the Argen-
tine, Brazilian, Mauritanian and Uruguayan margins, the mixed systems 

Fig. 10. Bathymetric maps across four modern mixed systems: A) the asymmetric channel-levees along the present Nova Scotian margin (Normandeau et al., 2019; 
Miramontes et al., 2020b); B) the channel-drifts along the South China Sea (Gong et al., 2012); C) the down-slope elongated mounded drifts along the Cosmonaut Sea 
in East Antarctica (Kuvaas et al., 2005; Solli et al., 2008); and D) the along-slope elongated mounded drifts in the US Atlantic margin (Tucholke and Mountain, 1986; 
McMaster et al., 1989; Locker and Laine, 1992; Tucholke, 2002). See Fig. 1 for location and Supplementary Table S1 for references. 
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are characterized by the collapse of steep drift flanks, which have 
accumulated as large MTDs or slumps across the submarine channels 
(Fig. 4C; Creaser et al., 2017; Mourlot et al., 2018; Pandolpho et al., 
2021; Rodrigues et al., 2021). 

4.3.1.2. Channel overbank deposits. Small, channel overbank deposits 
are typically formed within channels or complex channel systems, if a 
mixed system is characterized by an extensive channel network across 
the continental slope (Fig. 4C; Rodrigues et al., 2022c). Channel over-
bank deposits exhibit asymmetric to symmetric bar shapes, parallel to 
the channel system trend (Fig. 9B). Across the PMAP mixed systems, 
these deposits reach ~2–25 km in width, 20–70 km in length and 
100–300 m in height (Rodrigues et al., 2022c). Their surface may be 
scoured by small, sub-parallel gullies due to frequent gravity-driven 
currents cutting through the channel system (Rodrigues et al., 2022c). 
Their internal configuration is characterized by continuous, high 
amplitude reflections intercalated by lenticular, chaotic to semi- 
transparent bodies (Fig. 9B). At present, overbank deposits have only 
been identified in the dendritic channel network across the PMAP mixed 
systems (Fig. 4C; Rodrigues et al., 2022c). However, other mixed sys-
tems have indicated that some mounded drifts resemble overbank fea-
tures due to more frequent overspill from turbidity flows (Rasmussen 
et al., 2003). 

4.3.1.3. Sediment waves. Sediment waves are the most common sec-
ondary depositional feature identified across all mixed systems (Fig. 11). 
Sediment waves typically form extensive wave fields (covering areas 
>500–1000 km2) along the depositional flanks of the mounded drifts 
(Fonnesu et al., 2020; Pandolpho et al., 2021; Rodrigues et al., 2021, 
2022a). Sediment waves are slightly oblique or parallel to the down- 
slope elongated mounded drifts, as they tend to be generated oblique 
or perpendicular to the main current direction (Fig. 11). They form 
asymmetric, wavy morphologies (Fig. 9B), usually <250 m wide, 3–7.5 
km long and 15–55 m high (Miramontes et al., 2021; Pandolpho et al., 
2021; Rodrigues et al., 2021, 2022a). Some examples along the 
Mozambican and Nova Scotian margins have reached widths below 500 
m, lengths over 10 km and heights of ~150 m, with wavelengths around 
ca. 0.5–10 km (Normandeau et al., 2019; Miramontes et al., 2021). 

In contourite depositional systems, the formation of sediment waves 
is often associated with moderate bottom currents at the exit of gate-
ways, as shown in the Gulf of Cadiz contourite system (Habgood et al., 
2003; Hernández-Molina et al., 2006b), or may result from internal 
oscillations of the pycnocline between two water masses (Fig. 11A), as 
suggested for the modern Argentine contourite system (Hernández- 
Molina et al., 2009, 2010). Sediment wave crests appear perpendicular 
or oblique to the along-slope bottom current (Fig. 11A; McCave, 2017), 
and their up-current migration is tied to bottom current sediment 
redistribution (Masson et al., 2002; Wynn and Stow, 2002). 

Across turbidite depositional systems, sediment waves tend to 
develop within channels or their margins (Fig. 11B), usually perpen-
dicularly to the down-slope channel trend and the turbidity flows 
(Normark et al., 2002; McCave, 2017). Their formation depends heavily 
on frequent turbidity currents, which, in addition to carrying the 
necessary sediment for their growth, interact with the seafloor through 
shear stress and bedload traction to allow up-slope progradation. 
Coarser sediments are deposited on the up-current, steep flanks of the 
waves, while fine-grained particles accumulate along the wide, smooth 
flanks (Normark et al., 2002; Wynn and Stow, 2002). Modern examples 
can be found along the Toyama deep-sea channel in the Japan Sea 
(Nakajima and Satoh, 2001) and in the turbidite systems associated with 
the Monterey, Hueneme and Amazon Fans (Normark et al., 2002). 

In mixed systems, interaction between bottom currents and turbidity 
flows allows for sediment entrainment by bottom currents, which is 
probably redistributed towards the smooth, depositional flanks of the 
main morphological feature (i.e., along down-slope elongated mounded 

drifts) (Fig. 11C). The bottom current likely interacts with the seafloor 
along the depositional flank through sediment remobilization and 
reworking, forming sediment waves oblique or parallel to the mounded 
drifts (Fig. 11). Significant wave fields occur near the Taiwan Canyon in 
the South China Sea (Fig. 10B), where vigorous bottom currents may 
dominate over diluted turbidity currents, promoting vertically aggrad-
ing sediment waves (Gong et al., 2012). Some authors have argued that 
bottom currents alone could not have built these sediment waves, as the 
turbidity flows running through the Taiwan Canyon are incredibly 
active and may exert a stronger influence in their development (Li et al., 
2021). It is also possible that oscillations along an upper pycnocline 
(between two water masses) could interact with the high reliefs of the 
mounded drifts, forming sediment waves along their top, as shown for 
the Argentine mixed systems (Fig. 4C; Rodrigues et al., 2021). 

4.3.1.4. Other bedforms. Small-scale bedforms, such as ripples and 

Fig. 11. Proposed scenarios (A, B or C) for the formation of sediment waves 
across mixed systems: A) parallel sediment waves are generally formed along 
depositional drift flanks due to the effect of a pycnocline at or near the seafloor; 
B) perpendicular sediment waves are often generated by turbidity currents, as 
the bottom current is considerably weaker and less influential; and C) oblique 
sediment waves may be generated along down-current drift flanks due to the 
deflection of turbidity flows by an along-slope bottom current. 
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dunes, have been identified across some mixed systems in the South 
China Sea (Fig. 10B), Nova Scotia (Fig. 10A), Tanzanian and Brazilian 
margins (Gong et al., 2012; Mutti et al., 2014; Sansom, 2018; Counts 
et al., 2021). These features have variable shapes and configurations, 
usually asymmetric with a smooth, depositional flank and a short, steep 
flank (Fig. 9B). Dimensions may vary greatly, from <5 cm ripples to >5 
m longitudinal ripples, which reach ~1–20 cm in height and < 5 cm to 
~1 m in wavelength (Martín-Chivelet et al., 2008). Bedforms may be 
formed across different morphological features, along the top or flanks 
of the mounded drifts and towards channel margins (Fig. 10; Mulder 
et al., 2008; Wynn and Masson, 2008). Their orientation and elongation 
are related to the main current direction and its interactions with the 
seafloor (Hernández-Molina et al., 2018). 

4.3.2. Secondary erosional features 

4.3.2.1. Erosional surfaces. Mixed systems are often characterized by a 
basal erosional surface and by minor internal erosional surfaces within 
its sedimentary record (Fig. 9B). The erosional surface corresponds to a 
high amplitude, laterally continuous reflection, marked by truncated 
reflections below and by onlapping reflections above (Fig. 4A). 
Erosional surfaces are on average 25–30 km wide and 50–150 km long, 
however they may reach >50 km in width and > 500 km in length due to 
widespread erosion (Miramontes et al., 2021; Rodrigues et al., 2021). 
The ancient mixed systems offshore Argentina, Uruguay and Nova Scotia 
have an erosional discontinuity at 125 Ma, which is laterally continuous 
at a regional scale (Fig. 4). The basal discontinuity is associated with the 
onset of the mixed systems and therefore marks the beginning of in-
teractions between along-slope bottom currents and down-slope 
turbidity flows (Creaser et al., 2017; Sansom, 2018; Rodrigues et al., 
2021, 2022b). Other ancient mixed systems present a basal erosional 
surface, e.g., the Paleogene systems offshore Tanzania and Mozambique 
(Fig. 6F and J; Sansom, 2017, 2018; Fonnesu et al., 2020; Fuhrmann 
et al., 2020; Thiéblemont et al., 2020). Since mixed systems tend to be 
established in the wake of turbidite systems, the erosional surface usu-
ally characterizes the start of an along-slope current circulation and its 
reshaping of the previous turbidite morphologies (Rodrigues et al., 
2022b). 

Internal erosional surfaces generally comprise minor abraded sur-
faces within mixed systems (Fig. 9B). Such surfaces are marked by a high 
or low amplitude reflection, with localized toplap or truncated re-
flections. All mixed systems have minor erosional surfaces within the 
mounded drifts or channel-levees (Figs. 4 and 6). These surfaces are 
caused by down-slope gravitational processes sweeping over the flanks 
of the mounded drifts or due to slope failure across the steep flanks 
(Rodrigues et al., 2022c). Enhancements of the bottom current may also 
be associated with erosional surfaces, as the current can partially erode 
the top of the mounded drifts and form wide, erosional surfaces 
(Rodrigues et al., 2021). 

4.3.2.2. Scarps. Several scarps appear prominently along the proximal 
parts of mounded drifts and across their lateral flanks in mixed systems 
(Larter et al., 2019). The scarps exhibit concave, arcuate shapes, oblique 
or parallel to the mounded drifts (Fig. 9B) and may form step-like 
stacking patterns (Rodrigues et al., 2020). Across the PMAP mixed sys-
tems, arcuate scarps have been identified along depositional drift flanks, 
with ca. 4–45 km in width and 50–100 m in height (Rebesco et al., 2007; 
Larter et al., 2019; Rodrigues et al., 2022c). The sediments below and to 
the side of them present truncated, high amplitude reflections at the 
headwall and chaotic, irregular to semi-transparent MTDs at the base, 
associated with gravitational mass movements, flank collapses or tec-
tonic events (Fig. 4C; Liu et al., 2021; Rodrigues et al., 2022c). Signifi-
cant examples include the modern analogue along the PMAP (Fig. 6L; 
Larter et al., 2019) and South China Sea (Fig. 6E; Liu et al., 2021). 

4.3.2.3. Scours and furrows. Scours and furrows correspond to minor 
erosional elements, which may be formed along the seafloor or within 
the channel framework (Fig. 9B). Scours may comprise comet- or 
irregularly-shaped marks (such as chevron and spoon-shaped scours; 
Pohl et al., 2019) of variable dimensions and orientations, usually 
around >1–2.5 km long, >0.5–3 km wide and > 1–50 m deep (Mac-
donald et al., 2011; Pohl et al., 2019). Furrows typically comprise par-
allel, longitudinal marks that are regularly spaced (in the range of ~10 
m–1 km) and reach ca. >10 m–2 km long, ~1 m–1.5 km wide and ~ 
1–100 m deep (Viekman et al., 1992; Stow et al., 2009). Both of these 
features are usually narrower and less incised than submarine channels 
(Fig. 9; Rebesco et al., 2014) and may be elongated according to the 
turbidity or bottom current direction (as they result from the effect of 
these processes on the seafloor; Stow et al., 2013). In some cases, sub- 
circular to oval scours are attributed to vertical spouts of water and 
dynamic bottom current flows (Stoker et al., 2003), or from their 
interaction with seafloor irregularities (Lobo et al., 2011). Some exam-
ples have been identified offshore Antarctica in the Weddell Sea (Mal-
donado et al., 2005), as well as in the Scan Basin (Lobo et al., 2011) and 
PMAP (Hernández-Molina et al., 2006a, 2017). 

4.3.3. Secondary mixed depositional-erosional features 

4.3.3.1. Terraces.. Contourite terraces have been identified mostly 
along the mounded drifts of the Argentinian mixed systems (Fig. 4B; 
Rodrigues et al., 2021). They are characterized as wide, approximately 
flat non-depositional features (Fig. 9B), on average 5–25 km wide and 
50–80 km long (Rodrigues et al., 2021). The terraces occur along the top 
of the mounded drifts, suggesting that their formation may be related to 
a more tabular, unconfined flow or a pycnocline between two water 
masses (Fig. 11A; Hernández-Molina et al., 2009, 2010; Rebesco et al., 
2014). This type of feature may be difficult to identify in other mixed 
systems, as they tend to migrate laterally and erode the terraces. Yet, 
contourite terraces and abraded surfaces can be recorded within the 
depositional record if sufficient sediment covers the surface and pre-
serves its key criteria: a high amplitude, flat, horizontal reflection along 
the top, and toplap terminations from the underlying sediments (Fig. 9; 
Thiéblemont et al., 2019, 2020). This surface may also appear “wavy” in 
the seismic data owning to the presence of sediment waves along its top 
(Fig. 4B). 

4.3.3.2. Gullies. Several gullies have been observed across modern 
mixed systems, in the NW Iberian margin (Llave et al., 2018), PMAP 
(Fig. 4C; Amblas et al., 2006; Hernández-Molina et al., 2017) and 
Weddell Sea (Gales et al., 2013, 2021; Huang and Jokat, 2016), as well 
as in the Cretaceous mixed systems offshore Nova Scotia (Rodrigues 
et al., 2022c). The gullies correspond to small, V-shaped, linear features 
(Fig. 9B), frequently formed across the upper part of the channel 
network, along the upper continental slope (Dowdeswell et al., 2004; 
Gales et al., 2013). Gullies can also be formed along the steep flanks of 
mounded drifts, where they assume an oblique or perpendicular trend to 
the mounded drifts (Dowdeswell et al., 2004; Rebesco et al., 2007; 
Hernández-Molina et al., 2017; Rodrigues et al., 2022c). These features 
are on average < 200 m to 1 km wide, <0.9–3 km long and < 100–500 m 
deep (Dowdeswell et al., 2004; Gales et al., 2013). Gullies are often 
associated with steep slopes or flanks due to steepness, high sedimen-
tation rates and frequent gravitational processes (Noormets et al., 2009). 

4.4. Morphometrics and scaling relationships 

Taking into consideration the variety of features that may occur 
across mixed systems (Fig. 9), we have measured the dimensions, de-
viations and cumulative distributions of three distinct case studies 
(offshore Argentina, Nova Scotia and PMAP; Figs. 3 and 4), to better 
understand the similarities and differences that may exist between their 
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main morphological features (e.g., submarine channels and mounded 
drifts). 

4.4.1. Dimensions 
The Argentine mixed system is characterized by average dimensions, 

with ~10–30 km wide and > 125 km long mounded drifts and ~ 8–10 
km wide and > 120–150 km long submarine channels (Fig. 12 and 
Supplementary Fig. S1). On logarithmic scale, aspect ratios follow linear 
trends, suggesting a link between width and length and also between 
width and depth (Fig. 12). In general, dimensions are smaller for the 
channel heads, located proximal to the slope, and larger across channel 
mouths in distal regions (Supplementary Fig. S1 B). 

The Cretaceous to Eocene mixed system in Nova Scotia presents the 
smallest aspect ratios (Fig. 12); this might be an underestimation, 
however, as the 3D seismic cubes do not cover the entire length of the 
channels and the distal flanks of the mounded drifts (Fig. 8). All aspect 
ratios appear to follow linear trends (Fig. 13), though the mounded drifts 
are generally smaller than others (Supplementary Fig. S1 A). 

In terms of dimensions, the PMAP mixed systems give the largest 
aspect ratios across all measurements (Fig. 12). Both the mounded drifts 
and the submarine channels follow a linear trend for width vs. length, 
similar to the other mixed systems (Fig. 12A and C). Aspect ratios of both 
width vs. depth and width vs. height suggest variable widths, despite 

similar depths / heights throughout the margin (Fig. 12B and D). 
In turbidites and fluvial systems, there is often a link between the 

sizes of their morphological features and the nature of the processes 
involved in their formation (Konsoer et al., 2013; Shumaker et al., 2018; 
Cullis et al., 2019). This link corresponds to a power-law between the 
channel discharge and the running length of turbidity flows (Konsoer 
et al., 2013; Pettinga et al., 2018; Shumaker et al., 2018; Cullis et al., 
2019). Mixed systems are shaped by both turbidity and bottom currents 
and as such, may present such a link or connection to these two pro-
cesses. Considering our results (Fig. 12), we can infer that recurrent 
pirating of fine-grained particles by bottom currents will lead to larger 
dimensions and downward expansion of the morphological features in 
mixed systems, as the turbidity current gradually loses sediment to the 
along-slope current and the elongated mounded drifts grow progres-
sively in intra-channel areas. This process results in increasing channel 
and drift dimensions down-slope, with low to moderate aspect ratios 
(10:1 and 100:1), which also maintain the scaling relationships between 
width and length, and between width and height further down-slope 
(Fig. 12). 

The aspect ratios for the PMAP drifts and channels (Fig. 12) are 
considered very high (1000:1) and less common in deep-water systems, 
as they suggest that there is a diminished capacity to confine the 
turbidity currents within the channels. At the opposite end of the scale, 

Fig. 12. Aspect ratios for the mounded drifts and submarine channels identified across the different case studies. Aspect ratios represent trends between two main 
dimensions, taken across the same morphological feature (for example, width vs. length or width vs. height). PMAP: Pacific margin of the Antarctic Peninsula. 
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the very low aspect ratios (1:1) measured across the Nova Scotian drifts 
and channels are less common (Fig. 12), as they indicate that these 
features have very similar dimensions from start (s-w) to end (e-w) 
(Fig. 5B). This effect suggests a constant balance between deposition and 
erosion, from proximal to distal areas. Such a balance is difficult to 
maintain in depositional systems, as the mounded drifts tend to be 
thicker and have a higher relief in the centre, while the channels tend to 
widen towards the channel mouths (Figs. 7 and 8). This effect might be 
associated with the morphologies of the Nova Scotian mounded drifts 
(Fig. 4A), which are more linear and symmetric than in other systems, 
despite still having an eroded flank and a depositional flank (Fig. 6A). 

Aspect ratios also vary due to the effect of other controlling factors, 
such as slope gradient and margin location. The PMAP mixed systems 

have more space to develop distally and therefore present higher aspect 
ratios (Fig. 12) and less scale-dependency. As for the Nova Scotian mixed 
systems, the mounded drifts and channels across the NE slope are 
limited by salt diapirs (Fig. 8A) and thus would not be expected to keep 
dimensions similar to the other features measured in this study. 

4.4.2. Deviations 
In the boxplots, the lower quartiles represent the dimensions of the 

mounded drifts and channels measured at the start (defined as “s-w” in 
Fig. 5B), which are usually smaller and less variable near the upper 
continental slope (Fig. 13); while the upper quartiles represent the di-
mensions that were taken more distally (defined as “e-w” in Fig. 5B) and 
reflect higher dispersion (Fig. 13), as the channels are generally less 

Fig. 13. Boxplots with the average (boxes) and maximum ranges (whiskers) of each morphometric parameter (A, D: length; B, E: width; C: height; F: depth) logged 
across the mounded drifts and channels and grouped by case studies. Lower quartiles represent drift and channel dimensions taken at the start of these features (s-w 
in Fig. 5B) whereas upper quartiles represent the dimensions taken at the end (e-w in Fig. 5B). PMAP: Pacific margin of the Antarctic Peninsula. 
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confined towards the abyssal plains and the mounded drifts have flatter 
reliefs (Fig. 8). 

In terms of variability, the mounded drifts across the PMAP reach the 
maximum range across all dimensions, while the other depositional 
systems exhibit similar measurements (Fig. 13A-C). The measurements 
across the Nova Scotian stand out due to their low values but also due to 
their low variability (Fig. 13A-C). As for the submarine channels, the 

PMAP channels exhibit the highest values and variability in terms of 
length and depth, but the Argentine system is characterized by the 
largest variability in terms of width (Fig. 13D-F). 

The dimensions of the PMAP may be linked to the running length of 
the turbidity currents, as they have a more complex network of channels 
and overbank deposits near the slope and less topographic relief seaward 
(Fig. 8C; Rodrigues et al., 2022b). Turbidity currents are more frequent 

Fig. 14. Cumulative distribution of each morphometric parameter (length: A, D; width: B, E; height: C; depth: F) measured across drift bodies and channels and 
grouped by case studies. Cumulative distributions indicate how frequent a certain dimension occurs (such as depth, height, width or length) in respect to a certain 
reference value (which corresponds to the “Total” distribution trend). PMAP: Pacific margin of the Antarctic Peninsula. 
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across proximal areas and within the channel complex systems, being 
generated by recurring ice grounding along the shelf edge and across 
paleo-ice stream pathways during glacial stages (Rebesco et al., 2002; 
Dowdeswell et al., 2004; Amblas et al., 2006; Hernández-Molina et al., 
2017). Therefore, these currents supply more sediment to the proximal 
drift flanks, while the distal flanks are mainly shaped by the along-slope 
bottom current or by turbidity currents with longer recurrence times. 

Heights and depths measured across the mounded drifts and sub-
marine channels report a more constant range (Fig. 13C and F), despite 
having very low values across the Nova Scotian mixed systems. The 
Argentine mixed systems are often characterized by channels wider than 
the average range, despite exhibiting mounded drifts with average di-
mensions (Fig. 13E). For these cases, a down-slope profile along the 
channel thalweg and along the drift crest might help identify the control 
factors responsible for their variability. 

4.4.3. Cumulative distributions 
Cumulative distributions can be used to reveal the probability of a 

morphological feature having lower or higher dimensions than those 
that were measured. Based on our results, the cumulative distribution of 
each measurement (taken across the mounded drifts and channels) 
suggests similar dimensions, with low frequency and linear fits (Fig. 14). 
However, a few exceptions were observed. The PMAP drifts and chan-
nels follow a gaussian distribution with larger dimensions than the 
average for all measurements (Fig. 14), except for the channel width, 
which have average dimensions (Fig. 14E). In contrast, the Argentine 
drifts are systematically smaller in length and height (Fig. 14A-C) 
despite being associated with the largest channels (Fig. 14D-F). The 
drifts and channels across the Nova Scotian margin have very small 
dimensions, often below average (Fig. 14). 

The cumulative distributions for the different measurements (e.g., 
width, length, height, and depth) indicate that each system is charac-
terized by its own range (Fig. 14). However, it also suggests that there is 
a link between their dimensions. If we consider the previous observa-
tions made for the aspect ratios (Fig. 12) and the variability observed in 
the boxplots (Fig. 13), a rapid or slow loss of depth or width may reflect 
erosion and/or deposition (Shumaker et al., 2018). When comparing the 
dimensions of the channels and mounded drifts (Supplementary Fig. S1), 
discrepancies in terms of length, width, height, or depth reflect changes 
in slope confinement and/or accommodation space. The Nova Scotian 
margin is limited by salt diapirs towards west and therefore has limited 
drift and channel growth (Fig. 8A; Kendell and Deptuck, 2020; Rodri-
gues et al., 2022b). In contrast, the PMAP mixed systems developed in an 
unconfined margin and therefore, its morphological features present 
higher variability and dimensions (Figs. 12-14). 

5. Discussion 

This compilation has revealed that mixed systems are characterized 
by highly variable stacking patterns (Fig. 6) and distinct morphological 
features (Fig. 9), developed across diverse depositional settings (i.e., 
from the upper continental slope down to the abyssal plain). As such, we 
can use this variability to propose a new classification system for mixed 
systems and to address and evaluate the main control factors involved in 
their formation. 

5.1. Lateral system migration 

Most mixed systems are characterized by a clear unilateral migra-
tion, usually up- or down-current (Fig. 15). The mixed systems built 
offshore Mozambique, Tanzania and PMAP are marked by an up-current 
migration (Fig. 15A; Rebesco et al., 1998, 2002; Sansom, 2018; Fonnesu 
et al., 2020; Thiéblemont et al., 2020; Miramontes et al., 2021; Rodri-
gues et al., 2022b), whereas the mixed systems along the South China 
Sea, SE Greenland, Uruguay and Argentina are characterized by a down- 
current migration (Fig. 15B; Rasmussen et al., 2003; Gong et al., 2016; 

Creaser et al., 2017; Rodrigues et al., 2021). For the modern systems 
across SE Greenland, South China Sea and PMAP (Fig. 6B, E and L), 
several current measurements were taken at the seafloor and up to 
several meters above them (Dickson and Brown, 1994; Camerlenghi 
et al., 1997; Stramma and England, 1999; Kuijpers et al., 2002; Giorgetti 
et al., 2003; Merciera et al., 2003; Rasmussen et al., 2003; Hillenbrand 
et al., 2008; Zhong et al., 2017), which confirmed that the bottom 
current flowed in the same or in an opposite direction to the system 
migration (Fig. 15). As such, mixed systems may migrate with or against 
the bottom current direction (Fig. 15). There may be several factors 
responsible for this variation in system migration, such as the velocity 
and persistency of bottom currents versus the velocity and frequency of 
turbidity flows. In contourite systems, strong and persistent bottom 
currents (>25–30 cms− 1) are capable of entraining fine- and coarse- 
grained sediments and building down-current migrating contourite 
systems (Stow et al., 2002; Rodrigues et al., 2020). Therefore, we would 
expect that a mixed system built under similar conditions (with a strong 
bottom current) would migrate preferentially down-current (Fig. 15A). 
For cases of mixed systems built under weak to moderate bottom cur-
rents (such as the modern examples across the Weddell Sea and 
Mozambique, with 6.8 and 5.6 ± 3 cms− 1 average current speeds; 
Michels et al., 2002; Miramontes et al., 2021), an up-current lateral 
migration appears to be more dominant, suggesting that turbidity flows 
play a more significant role in their lateral migration. In turbidite sys-
tems, turbidity flows may reach velocities >1–2 m s− 1 (Azpiroz-Zabala 
et al., 2017a, 2017b; Heerema et al., 2020) whilst carrying considerable 

Fig. 15. Illustration representing the down-current (A) or up-current (B) 
migration of mixed depositional systems. Down-current migrating systems 
migrate in the same direction as the bottom current (A) whilst up-current 
migrating systems migrate opposite to the bottom current (B). 
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volumes of sediment (Meiburg and Kneller, 2010; Shanmugam, 2016). 
Partial or complete overspill from turbidity flows leads to the formation 
of asymmetric levees, which migrate according to channel infill and/or 
erosion (Wells and Cossu, 2013; Hansen et al., 2015; de Leeuw et al., 
2018). Frequent turbidity flows may therefore aid or affect lateral sys-
tem migration, as they may deliver considerable amounts of sediment 
towards the down-current levees and erode the up-current levees 
(Fig. 15B). 

It has also been observed that some mixed systems are severely 
constrained in their lateral migration by the surrounding morphologies 
and seafloor irregularities (Rodrigues et al., 2022b). The mixed systems 
developed along the South China Sea and Mozambican margin (Gong 
et al., 2013, 2016; Chen et al., 2020; Fonnesu et al., 2020) are charac-
terized by the growth of channel-drifts (Fig. 10B), which tend to migrate 
towards or within wide submarine channels (Fig. 6E and F). Channel- 
drifts create high bathymetric reliefs, which force the channel to 
migrate laterally and erode the next channel-drift (Fig. 15). As such, 
lateral system migration may be severely limited by the accommodation 
space and the depositional setting. Other studies have also shown that 
the dimensions of the mounded drifts and/or submarine channels may 
considerably affect sediment deposition and build-up, as they may 
create significant barriers or depressions across the seafloor (Fig. 4), 
which will force the along-slope current to contour these features and 
deposit its sediments seaward or along the submarine channels (Chen 
et al., 2020; Gong et al., 2020; Rodrigues et al., 2022b). Most mixed 
systems rarely exhibit up-slope migration, as they are constrained by 
steep slope morphologies and/or structural highs (Fig. 8). 

5.2. Interactions between along- and down-slope processes 

The interactions between along-slope bottom currents and down- 
slope turbidity flows can effectively build a myriad of features and de-
posits across the seismic record. Their geometries and stacking patterns 
indicate a significant variability across space and time, associated with 
different types of interactions and the timing between the two processes 
(Fig. 16). There are three distinct types of interactions that have been 
observed across modern and ancient sedimentary records: synchronous, 
asynchronous and passive interactions. 

5.2.1. Synchronous (or coeval) interactions 
Synchronous or coeval interactions are the most common type of 

interaction preserved across all mixed systems, contrary to the inter-
pretation proposed by Mulder et al. (2008). Transitional facies between 
contourites and turbidites —as well as the presence of reworked turbi-
dite deposits (Lucchi et al., 2002; Lucchi and Rebesco, 2007; de Castro 
et al., 2020, 2021) and cyclic seismic facies (Fig. 4)— indicate frequent, 
synchronous interactions between turbidity and bottom currents 
(Fig. 16A). Regular along-slope and down-slope flow interaction would 
be required, as the turbidity currents comprise the main sediment source 
and the role of the bottom current in redistributing the fine-grained 
particles is essential to build the down-slope elongated mounded drifts 
and force the lateral migration of the system (Fig. 15). Furthermore, 
most mounded drifts or levees are characterized by HARs extending 
from the channels into the mounded drifts (Fig. 6), which lose amplitude 
and thickness. Synchronous interactions would therefore be required to 
deviate the turbidity plume off-axis (Fig. 16A) and form these internal 
configurations (Fig. 4B). Recent flume tank experiments by Miramontes 
et al. (2020b) have shown significant deviations of the turbidity current 
under the effect of a moderate (to vigorous) along-slope current (which 
corresponds to 10–20% of the velocity of the turbidity current). 

5.2.2. Asynchronous (or phased) interactions 
Asynchronous (or phased) interactions between along-slope bottom 

currents and down-slope turbidity flows may form alternations of tur-
bidites and contourites in the sedimentary and seismic records 
(Fig. 16B). At a high-resolution scale, the PMAP mixed systems are prone 

to such facies along the terminations of the drift flanks and near channel 
margins (Fig. 4). The turbidity current is responsible for depositing 
coarse-grained deposits along the channel thalweg and margins, while 
the subsequent bottom current winnows the fine-grained particles to 
form muddy intercalations of fine-grained contourites and leaves a 
coarse lag at the base (Fig. 16B). Asynchronous interactions can be 
associated with the high-frequency alternations of Mulder et al. (2008), 
as they represent intercalations of coarse-grained turbidite deposits and 
fine-grained contourites (Fig. 16B). Fluctuating hydrodynamic regimes 
would be required, given that persistent bottom current action along a 
turbidite system would strip the fine-grained particles and possibly 
disturb the coarser turbidite beds, forming reworked turbidite deposits 
(de Castro et al., 2020, 2021). Asynchronous interactions may also occur 
when the bottom current reshapes the sediments originally deposited by 

Fig. 16. Distinction of three main types of interactions, between along- and 
down-slope processes: synchronous / coeval (A), asynchronous / phased (B) 
and passive (C) interactions. 
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turbidity currents. For instance, in the Mozambique Channel, bottom 
currents have eroded the flanks of the Zambezi Valley and some furrows 
have also been observed on a channel-levee system in the Europa Island 
(Counts et al., 2018; Miramontes et al., 2021). Other examples of 
asynchronous interactions have been identified in mixed systems of the 
South China Sea (Fig. 6E; Gong et al., 2013, 2016) and across the 
Paleocene-Eocene record of the Campos Basin, offshore Brazil (Fig. 6K; 
Moraes et al., 2007; Pandolpho et al., 2021). 

5.2.3. Passive interactions 
Passive interactions are rare in mixed systems, as they require bot-

tom currents to interact with turbidite deposits (or vice-versa) without 
crossing paths with the turbidity flows (Fig. 16C). Both the bottom and 
the turbidity currents would have to coexist near each other and interact 
passively (Fig. 16C), which is more common in pure contourite and 
turbidite systems. This type of interaction affects pure turbidite deposits 
that were preserved in the sedimentary record or at the seafloor 
(Fig. 16C), due to the passage of an along-slope bottom current during a 
rare and episodic event (Fig. 16C). Such interaction can be associated 
with the low-frequency alternations of Mulder et al. (2008). At present, 
there are only two currently known cases, the Quaternary fluvial-deltaic 
deposits in the Northern North Sea (Batchelor et al., 2021) and the 
Maury channel system offshore Iceland (Elliot and Parson, 2008). In 
both cases, an extensive contourite system grew near a glacially-fed 
turbidite channel system, causing deviation or ponding of turbidite de-
posits near the contourite system due to the influence of an along-slope 
current. 

Other passive interactions have been preserved in modern submarine 
channels or canyons cutting through contourite systems, such as the 
Portimão Canyon in the Gulf of Cadiz (Marchès et al., 2007), the São 
Vicente Canyon south of the Sines contourite system (Serra et al., 2020) 
or the deviated channel contouring the Chesapeake Drift (Fig. 10; 
Deptuck and Sylvester, 2017). In such cases, the along-slope bottom 

current interacts with gravitational deposits accumulated along the 
canyon’s flanks and forms a mixed feature within a dominant turbidite 
system (Fig. 16C). 

Another possibility for passive interactions is the occurrence of slope 
instabilities in pure contourite systems (Teixeira et al., 2019; Rodrigues 
et al., 2020). Steep slope scarps often limit contourite depositional sys-
tems (Liu et al., 2021) and, therefore, allow reworking of gravitational 
processes driven by slope failure (Maselli and Kneller, 2018). Over-
steepness and high sedimentation rates may therefore trigger slope in-
stabilities near steep scarps, generating gravitational deposits that 
eventually accumulate in the contourite drifts and are subsequently 
reworked by the along-slope current (Maselli and Kneller, 2018; Teix-
eira et al., 2019). As such, these interactions form mixed deposits within 
a dominant contourite setting. 

5.3. New classification system for mixed depositional systems 

In light of this compilation and our observations, we propose a new 
classification system for mixed depositional systems. Based on the 
orientation, asymmetry, lateral migration, spatial distribution, and 
vertical variability of the different depositional and erosional features, 
three major types of mixed systems can be distinguished (Fig. 17): 
contourite-dominated, synchronous and turbidite-dominated systems. These 
systems were further subdivided in terms of their location, as proximal 
or distal settings (Fig. 17). 

5.3.1. Contourite-dominated mixed systems 
Contourite-dominated mixed systems develop along the upper or 

middle to lower slope with large, along-slope elongated mounded or 
plastered drifts (Fig. 17A). Their submarine channels tend to cut through 
or contour around the mounded drifts as V-shaped features with low 
sinuosity, which evolve down-slope towards U-shaped channels 
(Fig. 17A). Such channels have been identified along the modern 

Fig. 17. New proposed classification, based on the spatial and temporal variability of drift geometries and channel morphologies.  
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channel sector in the Gulf of Cadiz contourite system (Mulder et al., 
2006; de Castro et al., 2020). Down-slope turbidity currents erode the 
channel thalweg and carry fine-grained particles in suspension, which 
are redistributed along the slope by the flowing bottom current 
(Fig. 17A). The channels may terminate at an along-slope contourite 
moat (as seen for the mixed systems built offshore SE Greenland; Ras-
mussen et al., 2003). The along-slope bottom current is therefore 
responsible for pirating the fine-grained particles carried down-slope by 
the turbidity flows and also for reworking any ponded turbidites accu-
mulated along the contourite moat (Fig. 17A). Several ponded turbidites 
and reworked turbidite deposits have been identified within the Plio-
cene record of the Gulf of Cadiz (Roque et al., 2012; Brackenridge et al., 
2013). The bottom current can moreover form secondary features 
—such as contourite terraces and sediment waves— along the top of the 
mounded or plastered drifts if it interacts with the seafloor (Fig. 17A). 
Such is the case for the modern systems built across SE Argentina 
(Hernández-Molina et al., 2009, 2010;) and SW Portugal (Rodrigues 
et al., 2020; Mencaroni et al., 2021), where significant sediment waves 
and contourite terraces spread across the continental slope (Fig. 6D). 

Distally, contourite-dominated mixed systems formed along the 
continental rise and abyssal plains are characterized by sheeted drifts or 
along-slope elongated, mounded drifts intercalated by submarine 
channels (Fig. 17A). The channels may become unconfined after the 
slope break and form small fan lobes within the mounded or sheeted 
drifts. The fan lobes could also be deposited further seaward, if the 
turbidity currents run through and bypass the large contourite mor-
phologies (Fig. 17A). Such cases have been observed along the NE 
Rockall Trough (Howe et al., 2002, 2006) and middle US Atlantic 
margin (Tucholke and Mountain, 1986; McMaster et al., 1989; Locker 
and Laine, 1992; Tucholke, 2002), where several submarine channels 
contour along-slope elongated, mounded drifts before depositing their 
sediments further seaward (Fig. 10D). The along-slope bottom current 
will usually interact with the turbidity flows and strip the fine-grained 
sediments carried in suspension or winnow the turbidite deposits 
accumulated along or near the submarine channels (Fig. 17A). 

5.3.2. Synchronous systems 
Synchronous systems are usually formed by frequent, coeval in-

teractions between turbidity flows and bottom currents (Fig. 17B). Such 
systems are described here as ‘synchronous’ due to the formation of 
mixed features and/or facies under synchronous interactions, while 
mixed systems may contain intercalations of pure contourite and/or 
turbidite deposits formed during asynchronous or passive interactions at 
the seismic and outcrop scale. Synchronous systems are characterized by 
asymmetric to symmetric down-slope elongated mounded drifts and 
channels along the middle to lower continental slope (Fig. 17B), as seen 
for the Late Cretaceous mixed systems offshore Mauritania, Argentina 
and Uruguay (Fig. 6G and H; Creaser et al., 2017; Mourlot et al., 2018; 
Rodrigues et al., 2021). The elongated drifts exhibit a smooth, deposi-
tional flank and a steep, rough (and sometimes eroded) flank (Fig. 4). 
The submarine channels are usually linear V- to U-shaped features with 
low sinuosity, which widen and become unconfined seaward of the 
mounded morphologies (Fig. 17B). Both the mounded drifts and the 
channels migrate unilaterally, down- or up-current, in respect to the 
bottom current direction (Fig. 15). The along-slope bottom current pi-
rates the fine-grained particles carried by turbidity flows and re-
distributes them along the depositional flanks. Secondary features, such 
as sediment waves, are mostly formed along the depositional flanks of 
the elongated mounded drifts, owning to the interaction of the bottom 
current with the seafloor (Fig. 11). 

Distal synchronous systems feature extensive, down-slope elongated 
mounded drifts and wide submarine channels (Fig. 17B). The geometry 
of the mounded drifts resembles asymmetric shapes with a smooth 
depositional flank and a steep, rough flank (Fig. 17B). The mounded 
drifts tend to have thicker, proximal flanks near the continental slope, 
which thin outwards towards the abyssal plains. Their down-slope 

elongation might deviate distally or form a crescentic shape due to 
along-slope sediment redistribution by bottom currents (Figs. 7 and 8). 
Significant examples of convex-shaped mounded drifts have been 
identified along the PMAP (Fig. 8C; Rebesco et al., 1998, 2002; 
Hernández-Molina et al., 2017) and SE Greenland (Fig. 6B; Rasmussen 
et al., 2003). Across these areas, the submarine channels are fed by a 
complex network of tributary channels along the lower continental slope 
and rise, which are associated with frequent turbidity currents and mass 
transport processes. Furthermore, coeval or alternating interactions 
between bottom currents and turbidity currents leads to the unilateral 
migration of the system (Fig. 17B). Submarine fan lobes might not 
develop after the mounded drifts if the coarser deposits are redistributed 
from the channel bed towards the lateral flanks of the mounded drifts by 
bottom currents (Fig. 17B). This effect might form alternations or 
“interfingering” of coarser turbidites or reworked deposits and fine- 
grained contourites (Rodrigues et al., 2022a). 

5.3.3. Turbidite-dominated mixed systems 
Turbidite-dominated mixed systems can occur along proximal set-

tings (e.g., in the upper, middle and/or lower slope), comprising 
morphological features with external geometries and internal configu-
rations more similar to turbidite depositional systems (Fig. 17C). The 
depositional features form small channel-levees or channel-drifts within 
the channels or from the channel towards its margins, with symmetric to 
asymmetric external shapes (Fig. 17C). These depositional features are 
characterized by a steep flank closer to the submarine channel, which is 
frequently eroded. Erosion can also occur across both flanks, with the 
formation of small gullies or furrows. Channel-levees might have a 
larger, more developed levee on one side of the channel, and a smaller, 
less developed levee on the opposite margin (Fig. 10A; Miramontes 
et al., 2020b). Differences in dimensions are associated with preferential 
sediment redistribution downstream of the bottom current, which cap-
tures the fine-grained particles carried down-slope by the turbidity flows 
and preferentially redistributes them along the more developed levee 
(Miramontes et al., 2020b). Channel-levees tend to migrate laterally or 
slightly oblique to the margin trend (30–45◦), according to the bottom 
current direction and/or Coriolis forcing (Fig. 17C). Submarine channels 
can present low to high sinuosity and exhibit smaller dimensions overall, 
forming meandering to slightly sinuous erosional features (Fig. 17C). 
Channel bends downstream of the bottom current aid levee growth and 
lateral migration of the system, as lateral overspill from turbidity cur-
rents is preferentially redistributed towards the channel margin 
(Fig. 17C). Flume tank experiments show that secondary features, such 
as bedforms, can form along the channel-levees and appear even more 
developed across the larger channel-levee (Fig. 10A; Miramontes et al., 
2020a). The bedforms are oblique (30–45◦) to the channel trend and 
result from interactions between turbidity and bottom currents affecting 
the seafloor (Fig. 11). Examples comprise the mixed systems along the 
New Zealand margin (Carter and McCave, 2002; Lu et al., 2003; Kroeger 
et al., 2019; Bailey et al., 2021) and the Weddell Sea (Fig. 6I; Michels 
et al., 2001, 2002), as well as the Cenozoic deposits of the Pearl River 
Mouth System on the South China Sea (Fig. 10B; Gong et al., 2013, 
2016). 

Along the distal continental rise and abyssal plains, turbidite- 
dominated mixed systems are defined by deposition of laterally offset 
fan lobes (also called fan-drifts or contourite fans) (Fig. 17C). The fan 
lobes form extensive “almond”-shaped features, separated by wide U- 
shaped channels. Asynchronous or passive interactions between the 
down-slope turbidity flows and the along-slope bottom current lead to 
sediment redistribution and winnowing along-slope. The fan lobes 
extend laterally, downstream of the bottom current, and form lateral 
migrating stacks (Fig. 17C). Some examples of deviated fan lobes due to 
strong bottom current action have been identified along the Eocene- 
Oligocene deposits in the SE Brazilian basins (Viana et al., 2007; 
Viana, 2008; Mutti et al., 2014) and also in the Vema contourite fan 
system in the South Brazilian Basin (Faugères et al., 1998). Strong 
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bottom currents can also cause remobilization of sediments and form 
secondary features such as sand ribbons, sediment waves or barchan 
dunes (Fig. 17C; Mutti et al., 2014). Other bedforms might also be 
formed due to strong bottom currents, such as cross-laminations or 
ripples, as seen for the Pliocene to present-day record in the Gulf of 
Mexico (Shanmugam et al., 1993; Shanmugam, 2017). 

5.4. Sedimentary facies and deposits of mixed systems 

Despite the abundance of good quality seismic data, which has 
provided detailed descriptions for the geometries and external shapes of 
the main sedimentary bodies (Fig. 9; Mulder et al., 2008; Miramontes 
et al., 2021; Rodrigues et al., 2021, 2022b), less information is available 
regarding the type of sedimentary facies developed along mixed systems 
(Shanmugam et al., 1993; Viana et al., 1998; Gong et al., 2016; Fonnesu 
et al., 2020). Outcrop examples are mostly undiscovered and difficult to 
link to a specific mixed system type (Stanley, 1987, 1993; Cauxeiro 
et al., 2020), and deep-water modern and ancient systems are very 
expensive to sample in extensive detail. However, some studies have 
recovered sediment cores across both the mounded drifts and the sub-
marine channels (Lucchi et al., 2002; Lucchi and Rebesco, 2007; de 
Castro et al., 2020; Fonnesu et al., 2020; Fuhrmann et al., 2020). Their 
results reveal that the type and extent of the interaction between along- 
and down-slope processes determines the type of facies that is formed 
and preserved in the sedimentary record. Key examples of sedimentary 
facies have been observed in the Cretaceous to Paleogene mixed systems 

offshore Brazil (Mutti and Carminatti, 2012; Mutti et al., 2014), in the 
Mamba and Coral systems offshore Northern Mozambique (Fonnesu, 
2013; Fonnesu et al., 2020) and in the PMAP mixed systems (Lucchi 
et al., 2002; Lucchi and Rebesco, 2007; Hillenbrand et al., 2021; 
Rodrigues et al., 2022a). Based on these examples, the interaction be-
tween turbidity and bottom currents appears to form four distinct facies 
associations from the channel axis to the mounded drifts (Fig. 18), which 
are summarized here as: 1) axial facies composed of thick, massive or 
graded sands with absence of interbedded muds (interpreted as turbidite 
beds winnowed or stripped by bottom currents); 2) axial sand-rich facies 
with frequent erosive truncations, mudstones clasts, and abundant 
tractive structures such as medium-scale cross- to parallel-laminations 
(interpreted as turbidites reworked by high velocity bottom currents); 
3) marginal facies composed of sand and mud alternations with complex 
sedimentary structures, such as ripples with mud drapes, sigmoidal 
ripples, and mud couplets that eventually transition towards bigrada-
tional sequences (interpreted as contourites built from the fine-grained 
fractions stripped from the turbidity currents and redeposited accord-
ing to the bottom current direction); and 4) external facies consisting of 
highly bioturbated biogenic and terrigenous muds (interpreted as con-
tourites and hemipelagites deposited along the mounded drifts). Other 
sedimentary facies may occur interbedded in mixed systems that did not 
result from interactions between turbidity and bottom currents, for 
example MTDs (Fig. 18; Gong et al., 2016; Fonnesu et al., 2020; 
Rodrigues et al., 2022a) or hybrid events beds (Sansom, 2018; Fuhr-
mann et al., 2020). 

Fig. 18. Main sedimentary facies identified along mixed depositional systems (based on the studies of Mutti and Carminatti, 2012, Mutti et al., 2014, Fonnesu et al., 
2020 and Rodrigues et al., 2022a), composed of axial sand-rich turbidites and reworked deposits occasionally intercalated by hemipelagites, debrites or MTDs, 
marginal sand-to mud-rich contourites with complex sedimentary structures and bigradational sequences, and external mud-rich contourites and hemipelagites with 
intense bioturbation. MTDs – mass-transport deposits. 
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5.5. Control factors and potential implications 

The large diversity of mixed depositional systems is a major clue for 
the numerous control factors involved in their formation. At a short- to 
long-term, varying degrees of confinement, sediment supply, climatic or 
eustatic fluctuations have affected their growth and evolution (Fig. 19). 

5.5.1. Degree of confinement in mixed systems 
All the examples described in the literature (Figs. 6 and 12) suggest 

that significant differences in drift and channel dimensions that may be 
associated with the degree of confinement and accommodation space 
available across different slope settings. Steep V-shaped channels within 
upper to middle slopes tend to confine turbidity flows and thus become 
less exposed to sediment entrainment by bottom currents (Supplemen-
tary Fig. S2A). Such channels also tend to be deeply incised across the 
continental margin, limiting turbidity flow overspill and interactions 
with along-slope currents (Supplementary Fig. S2A). In contrast, large 
U-shaped channels and channel complex systems across the continental 
rise (Fig. 8C) and abyssal plains are characterized by extensive mounded 
drifts and allow frequent overspills from turbidity currents (Supple-
mentary Fig. S2B). Therefore, in unconfined systems the turbulent cloud 
tends to reach heights greater than the channel margins, promoting 
sediment entrainment and redistribution by bottom currents (Supple-
mentary Fig. S2B). 

Consequently, confined mixed systems tend to form asymmetric 
channel-drifts near or within submarine channels (Supplementary 
Fig. S2A). Such systems display unilateral migration towards the chan-
nel thalweg, as frequent interactions between turbidity and bottom 
currents promote lateral and vertical drift growth towards the available 
space along the channel bed (Supplementary Fig. S2A). Modern exam-
ples comprise the channel-drifts formed across the Pearl River Mouth 
System in the South China Sea (Fig. 6E; Gong et al., 2013, 2015, 2016) 
and the unidirectional channels in the Zaire fan offshore Congo (Gong 
et al., 2018). 

For unconfined systems, elongated mounded drifts tend to have 
greater thicknesses and drift crests centred away from channel margins, 
as the bottom current is capable of remobilizing and carrying sediments 
over greater distances (Supplementary Fig. S2B). Unconfined conti-
nental rise and/or abyssal plains promote sediment build-up and lateral 
expansion, with an up- or down-current migration, depending on the 
bottom current direction (Fig. 8). The PMAP mixed systems comprise the 
most extensive examples currently known (Fig. 4C and Supplementary 
Fig. S2B). 

5.5.2. The role of bottom currents in mixed systems 
Most mixed systems are characterized by asymmetric mounded drifts 

or channel-drifts, (Fig. 6), suggesting that bottom currents play a 
fundamental role in shaping their external shapes and sedimentary 
stacking patterns (Figs. 15). These systems are further characterized by 
the main sedimentary facies that are observed in their deposits (Fig. 18), 
which derive from the type of interaction that occurs between along- 
slope bottom currents and down-slope gravity currents. Sediment 
entrainment via bottom current winnowing or reworking is often asso-
ciated with build-up of bottom current reworked sands (BCRS; de Castro 
et al., 2020, 2021; Counts et al., 2021), gradual facies sequences, or 
partial cut-offs (Rodrigues et al., 2022a). Furthermore, phased in-
teractions between bottom currents and gravity-driven currents 
(Fig. 16B) can produce alternations of turbidite and contourite beds, 
whereas synchronous to asynchronous interactions (Fig. 16A) result in 
reworked turbidite deposits (Viana et al., 1998, 1999; de Castro et al., 
2020). Contrary to previous interpretations (Mulder et al., 2008), syn-
chronous interactions frequently occur throughout mixed systems 
(Fig. 16A) and develop large- to small-scale features and deposits at the 
seismic to facies scale (Fig. 9; Fonnesu et al., 2020; Miramontes et al., 
2020b, 2021; Rodrigues et al., 2021). Several mixed systems exhibit 
transitional or hybrid facies between the two end members (turbidites 
and contourites) due to regular, synchronous interactions between 
bottom and gravity currents (de Castro et al., 2020; Fonnesu et al., 2020; 
Rodrigues et al., 2022a). The mixed systems along the PMAP, Brazil and 
South China Sea are further characterized by cyclic stacking patterns 
(Fig. 6E and K; Lucchi and Rebesco, 2007; Ding et al., 2021; Pandolpho 
et al., 2021; Rodrigues et al., 2022c), formed by switches between 
synchronous and asynchronous interactions (Gong et al., 2013, 2016; 
Pandolpho et al., 2021; Rodrigues et al., 2022c). As such, bottom cur-
rents are considered crucial for the development of mixed systems at 
various scales, as well as for their spatial and temporal variability. 

5.5.3. The contribution of gravity currents to mixed systems 
Gravity-driven currents have always been considered the main 

sediment source for most mixed systems (Rasmussen et al., 2003; Mulder 
et al., 2008; Gong et al., 2013; Fonnesu et al., 2020; Hillenbrand et al., 
2021). These currents are capable of carrying substantial amounts of 
sediment from the continent to the ocean and re-deposit them along 
deep-water environments (He et al., 2008; Meiburg and Kneller, 2010; 
Mutti, 2011). In mixed systems, this leads to frequent interactions with 
the along-slope current (Fig. 16), which strips the fine-grained particles 
and redistributes them towards intra-channel areas. However, 

Fig. 19. Progression between the different types of mixed systems and the two end members (e.g., turbidite and contourite depositional systems). Blue arrows 
represent along-slope bottom currents, whereas red arrows indicate down-slope turbidity currents and teal arrows denote changes between confined and unconfined 
depositional settings. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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gravity-driven currents have a deeper impact in mixed systems that has 
yet to be addressed. Their turbulent behaviour causes erosion at the 
seafloor and disturbs the substrate (Haughton et al., 2009; Paull et al., 
2018), resulting in the formation of submarine channels and complex 
channel systems (Fig. 8). These morphological features are excellent 
conducts for sediment transport and promote further down-slope pro-
cesses through sediment remobilization and instability (Haughton et al., 
2009; Shanmugam, 2016; Azpiroz-Zabala et al., 2017a, 2017b; Paull 
et al., 2018). Indeed, many researchers have identified initial turbidite 
systems below the modern and ancient mixed systems (Rebesco et al., 
1998, 2002; Creaser et al., 2017; Rodrigues et al., 2021, 2022b), 
attesting to their impact across most continental margins. Therefore, 
gravity-driven currents frequently erode the previous morphological 
setting, creating channels and intra-channel areas along continental 
margins (Fig. 6). These geometries affect the pathway of the bottom 
current, which is forced to contour the intra-channel areas with high 
relief (Fig. 16; Campbell and Deptuck, 2012). The sediments will 
therefore be preferentially redistributed and preserved across 
intra-channel areas and, eventually, regular interactions between grav-
ity currents and the bottom current will lead to the growth of 
down-slope elongated mounded drifts and unilateral migration 
(Fig. 15). Gravity-driven currents will therefore affect sediment redis-
tribution and lateral system migration, as they precondition the previous 
slope morphology and may aid or restrict system growth (Fig. 19). 

5.5.4. Paleoceanographic and paleoclimatic changes 
The palaeoceanographic record, driven by climatic changes, can be 

studied through the internal stacking patterns of mounded drifts (Fig. 4; 
Faugères et al., 1993; Knutz, 2008; Rebesco et al., 2014). The sedi-
mentary stacking patterns are influenced by enhancements or recessions 
of the bottom current, as well as changes in sediment influx and depo-
sition (Mulder et al., 2008; Rebesco et al., 2014). Therefore, mixed 
systems can be used to identify modifications of oceanic current activity 
and pathways, as well as the factors that induce local- and global-scale 
variations in thermohaline circulation, fundamental to understanding 
climate changes (Esmerode et al., 2008; Rebesco et al., 2014; Creaser 
et al., 2017; Hillenbrand et al., 2021). 

For instance, the PMAP mixed systems are characterized by cyclic 
stratigraphic patterns and recurring sedimentary facies (Fig. 4C), which 
are in turn linked to shifts between glacial and interglacial stages 
(Lucchi et al., 2002; Lucchi and Rebesco, 2007; Rodrigues et al., 2022c). 
Coarse-grained, thick deposits are frequently accumulated during 
glacial maxima, as paleo ice-streams supplied glaciogenic debris to the 
shelf break and, subsequently, to the mixed depositional systems 
through down-slope gravitational processes (Rebesco et al., 2002; 
Dowdeswell et al., 2004; Amblas et al., 2006; Hernández-Molina et al., 
2017). During glacial stages, higher bottom current velocities were able 
to strip the fine-grained particles (Fig. 16), carried in suspension by the 
gravity-driven currents, and create bigradational sequences with alter-
nating parallel- to cross-laminated very fine- to coarse-grained sands 
along the mounded drifts (Fig. 18; Rodrigues et al., 2022a). Other high- 
to low-latitude systems also show alternations between contourite and 
turbidite deposits (Fonnesu et al., 2020; Fuhrmann et al., 2020, 2022), 
suggesting that bottom current enhancements or recessions and the 
frequency of gravity-driven flows may be tied to significant climatic 
oscillations (Clausen, 1998b; Escutia et al., 2002; Michels et al., 2001; 
Grützner et al., 2003; Rasmussen et al., 2003; Forwick et al., 2015; 
García et al., 2016; Salabarnada et al., 2018). These studies reveal that 
mixed systems are built by numerous interactions between turbidity and 
bottom currents, and as such, form complex deposits and geometries at a 
seismic and outcrop scale. 

5.5.5. Slope stability 
The analysis of slope stability in areas significantly affected by along- 

and down-slope processes has been an important aspect to study (Sup-
plementary Fig. S3; Laberg et al., 2005; Rebesco and Camerlenghi, 2008; 

Neves et al., 2016; Teixeira et al., 2019; Maselli and Kneller, 2018). An 
example of this is seen in the PMAP (see Diviacco et al., 2006; Rebesco 
and Camerlenghi, 2008; Volpi et al., 2016). In mixed depositional sys-
tems, gravitational processes are regular occurrences, since down-slope 
gravity currents are generally associated with unstable sediments, 
oversteep slopes or heavy channel incision (Supplementary Fig. S3). 
These are some of the triggers or pre-conditioning factors that can lead 
to mass-transport events (Masson et al., 2006; Urlaub et al., 2013). This 
also indicates a region prone to geologic hazards, which could affect the 
infrastructures at the seafloor, coastal areas and even populations 
(Camerlenghi et al., 2007). 

Vigorous bottom currents can also locally erode the seafloor, pro-
voking sediment instability and triggering potentially hazardous mass- 
flow events (Mulder et al., 2003; Laberg et al., 2005; Viana et al., 
2007; Maselli and Kneller, 2018; Miramontes et al., 2018a). Moreover, 
several studies have shown that contourites are one of the predisposition 
factors for areas characterized by slope instability (Supplementary 
Fig. S3). This predisposition is due to the composition and physical 
properties of contourites (Solheim et al., 2005; Laberg and Camerlenghi, 
2008), as their low-permeability, high plasticity and high pore-water 
content favours the formation of over-pressurised gliding surfaces 
when compared to glaciomarine sediments (Bryn et al., 2005; Rebesco, 
2005). It has also been shown in the Mediterranean Sea that contourites 
present similar physical and mechanical properties to hemipelagites and 
in this case, slope instability is mainly controlled by the convex shape of 
contourite drifts, which are characterize by steep slopes in their lower 
parts (Miramontes et al., 2018a). 

5.5.6. Economic relevance and reservoir potential 
An important aspect of mixed systems is their economic relevance for 

Energy Geosciences. High amplitude reflections (HARs) are often linked 
to sand-rich intervals and imply potential prospects for future explora-
tion (Gong et al., 2016; Sansom, 2017, 2018; Fonnesu et al., 2020; 
Fuhrmann et al., 2020). The Cretaceous mixed systems offshore Nova 
Scotia, Argentina and Uruguay (Fig. 4A and B), and the Paleogene de-
posits along the Mozambican and Tanzanian margins (Fig. 6F and J), are 
characterized by HARs across the submarine channels that extend 
laterally into the mounded drifts. Such extension of the HARs is a result 
of bottom current redistribution of coarse- to fine-grained particles, 
carried in suspension by the turbidity flows (Creaser et al., 2017; San-
som, 2018; Fonnesu et al., 2020; Rodrigues et al., 2021, 2022b). The 
bottom current redistributes the different fractions according to its 
competency (e.g., the grain size threshold), forming intercalations of 
sand-rich reservoirs and mud-rich seals (Supplementary Fig. S4). 
Therefore, mixed systems present several potential targets, within both 
the channels and the mounded drifts (Supplementary Fig. S4). 

Furthermore, their economic potential has increased after proving 
the existence of contouritic sand-rich oil-bearing beds in the Eocene- 
Oligocene of the Santos Basin, offshore Brazil (Viana et al., 2007; 
Viana, 2008; Mutti et al., 2014). In this interval, coarse sand-rich beds 
have high net-to-gross ratios with an average porosity of 15–25% and up 
to 35% (Viana et al., 2007; Mutti et al., 2014). Since then, a few con-
touritic beds with proven reserves have been described in the North Sea 
(Enjorlas et al., 1986) and in the Gulf of Mexico (Shanmugam et al., 
1993; Shanmugam, 2017). In more recent years, two giant gas reservoirs 
with 2.32 × 1012 m3 of volume were identified in the Eocene-Oligocene 
record and associated with a mixed system along the northern 
Mozambican margin —the Coral and Mamba fields (Fig. 6F; Fonnesu, 
2013; Fonnesu et al., 2020). These gas reservoirs presented an impres-
sive 82% net-to-gross ratio with an average porosity of 16.9% (Fonnesu 
et al., 2020). The gas fields are related to the development of asym-
metric, migrating fan lobes due to synchronous interactions between 
along- and down-slope processes (Fonnesu et al., 2020), suggesting 
substantial promise for future research and exploration. 

These sand-rich deposits may also be useful for Carbon Capture and 
Storage (CCS). CO2 is one of the most abundant anthropogenic 
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greenhouse gases on Earth, contributing to climate change and gradual 
rise of the global temperature. CCS may thus represent a potential action 
for hydrocarbon exploration industries and other entities to reduce the 
concentration and release of CO2 to the atmosphere. Many CCS facilities 
consist of abandoned offshore oil and gas wells (for example, the 
Sleipner gas field in the North Sea; Gale et al., 2001; Akervoll et al., 
2009). The architecture and properties of CCS facilities strongly 
resemble those of hydrocarbon reservoirs (such as high porosity and 
permeability and good grain-size heterogeneity). As such, the sand-rich 
reservoirs identified in mixed systems may serve an additional purpose 
other than hydrocarbon exploration. 

Over the past decades, the exploration industry has focused its efforts 
primarily on down-slope products and processes. Yet we are now wit-
nessing a shift in this paradigm, thanks to empirical and technological 
advances made in bottom current research, proving the importance of its 
deposits for reservoirs, seals and source rocks. Attention is now being 
turned to the often-overlooked mixed deposits and bottom current 
reworked turbidites (Supplementary Fig. S4; Viana et al., 2007; Viana, 
2008; Mutti, 2011; Palamenghi et al., 2015; Sansom, 2017, 2018; de 
Castro et al., 2020; Counts et al., 2021). Even though the study of mixed 
systems —among the broader fields of turbidite and contourite sys-
tems— is still in its infancy, future studies will contribute to the present 
pool of knowledge and help unearth cases unidentified to date. 

6. Conclusions and future considerations 

The overall aim behind this review was to better understand the 
spatial and temporal variability of the main morphological elements 
formed across mixed depositional systems, as well as the associated in-
teractions between along- and down-slope processes. Our study tries to 
address the similarities and differences between all currently known 
cases, and to provide a better understanding of the wide range of fea-
tures and deposits formed in mixed (turbidite-contourite) systems. In 
light of our observations, we have proposed a new three-part classifi-
cation scheme for mixed systems based on their location, elongation, 
dimensions, lateral migration, spatial and temporal variability: 1) 
contourite-dominated mixed systems, 2) synchronous systems, and 3) 
turbidite-dominated mixed systems. Diverse interactions between along- 
and down-slope processes appear to occur across these systems, from 
synchronous (where the bottom and turbidity currents occur coevally in 
time and space) to asynchronous and passive interactions (where the 
bottom and turbidity currents do not interact in time and more rarely, in 
space). These interactions are held responsible for building a myriad of 
deposits across proximal to distal depositional settings, such as mixed / 
hybrid sedimentary facies, interfingering sequences of contourites and 
turbidites or reworked turbidite deposits. This new classification scheme 
can thus be used in ongoing studies or future research to better under-
stand the interactions between down- and along-slope processes as well 
as their resulting products. 

As in many marine sciences, this research depends strongly on new 
scientific discoveries and sound empirical data to improve the previ-
ously proposed models. One essential task is to fully understand the 
connection between contourites and turbidites in mixed depositional 
systems. Scale and time are two crucial factors to determine how that 
connection is made. As a result, it’s of primary importance that we 
establish conceptual and sedimentary models for mixed systems that 
will address these issues and provide a realistic view of the variability of 
their deposits and processes. Collaborations among geologists, sedi-
mentologists and physical oceanographers are vigorously encouraged to 
approach mixed depositional systems from a combined perspective of 
sedimentology and fluid dynamics. Ideally, future research should pur-
sue the following aspects:  

1. Interactions between down-slope gravity currents and along-slope 
bottom currents are incredibly complex, and therefore, modern 
seafloor monitoring (such as mooring deployments) should be 

conducted across submarine channels and mounded drifts to provide 
real current measurements, record individual (and/or secondary) 
processes, and test the hypotheses proposed in this and other studies;  

2. Recent studies have reported that mixed systems tend to migrate up- 
or down-current, creating dissimilar interpretations and hindering 
their identification in ancient records. Numerical models or virtual 
simulations, coupled with flume-tank experiments and modern ex-
amples at the seafloor, could provide accurate predictions for the 
different types of features and deposits formed by the interactions 
between bottom and gravity currents;  

3. Mixed depositional systems are characterized by extremely variable 
sedimentary facies, from turbidites and MTDs to contourites, hemi-
pelagites and transitional facies. New studies at the facies scale 
would allow for a better understanding of the spatial and temporal 
variations formed within their deposits, and their correlation to 
external controlling factors (such as climatic changes or sea-level 
fluctuations);  

4. Ancient mixed depositional systems are severely underrepresented, 
both offshore (buried below the present-day seafloor) and onshore 
(in outcrops). The identification and characterization of other 
ancient system would further their recognition and offer a broader 
understanding of their distribution across the Mesozoic and Cenozoic 
records;  

5. Given that several mixed depositional systems have been identified 
until the present-day, rigorous measurements of their morphological 
features and other characteristics would provide a basis for statistical 
comparisons and critical evaluations of the proposed conceptual 
models, as well as adjustments for future classification systems. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.earscirev.2022.104030. 
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Tovar, F.J., Mena, A., Llave, E., Sierro, F.J., 2021. Contourite characterization and its 
discrimination from other deep-water deposits in the Gulf of Cadiz contourite 
depositional system. Sedimentology. https://doi.org/10.1111/sed.12813. 

Cauxeiro, C., Lopez, M., Hernández-Molina, F.J., Miguel, A., Cauxeiro, G., Caetano, V., 
2020. Contourite vs Turbidite outcrop and seismic architectures. Angolan Min. Oil 
Gas J. 1, 20–26. https://doi.org/10.47444/amogj.v1i1.9. 

Chen, H., Xie, X., Van Rooij, D., Vandorpe, T., Huang, L., Guo, L., Su, M., 2013. 
Depositional characteristics and spatial distribution of deep-water sedimentary 
systems on the northwestern middle-lower slope of the Northwest Sub-Basin, South 
China Sea. Mar. Geophys. Res. 34, 329–357. https://doi.org/10.1007/s11001-013- 
9191-7. 

Chen, H., Xie, X., Zhang, W., Shu, Y., Wang, D., Vandorpe, T., Van Rooij, D., 2016. Deep- 
water sedimentary systems and their relationship with bottom currents at the 
intersection of Xisha Trough and Northwest Sub-Basin, South China Sea. Mar. Geol. 
378, 101–113. https://doi.org/10.1016/j.margeo.2015.11.002. 

Chen, Y., Yao, G., Wang, X., Lv, F., Shao, D., Lu, Y., Cao, Q., Tang, P., 2020. Flow 
processes of the interaction between turbidity flows and bottom currents in sinuous 
unidirectionally migrating channels: an example from the Oligocene channels in the 
Rovuma Basin, offshore Mozambique. Sediment. Geol. 404, 105680 https://doi.org/ 
10.1016/j.sedgeo.2020.105680. 

Clare, M., Lintern, D.G., Rosenberger, K., Clarke, J.H., Paull, C., Gwiazda, R., 
Cartigny, M., Talling, P.J., Perara, D., Xu, J., Parsons, D., Jacinto, R.S., Apprioual, R., 
2020. Lessons learned from the monitoring of turbidity currents and guidance for 

future platform designs. Geol. Soc. London Spec. Publ. 500, 605–634. https://doi. 
org/10.1144/SP500-2019-173. 

Clausen, L., 1998a. Late Neogene and Quaternary sedimentation on the continental slope 
and upper rise offshore Southeast Greenland: Interplay of contour and turbidity 
processes. In: Saunders, A.D., Larsen, H.C., Wise Jr., S.W. (Eds.), Proc. ODP, Sci. 
Results, vol. 152. Ocean Drilling Program, College Station, TX, pp. 3–18. 

Clausen, L., 1998b. The Southeast Greenland glaciated margin: 3D stratal architecture of 
shelf and deep sea. In: Stoker, M.S., Evans, D., Cramp, A. (Eds.), Geological Processes 
on Continental Margins Sedimentation, Mass-Wasting and Stability, Geol. Soc. 
London Spec. Publ., vol. 129, pp. 173–204. https://doi.org/10.1144/GSL. 
SP.1998.129.01.12. 

Conte, R., Rebesco, M., De Santis, L., Colleoni, F., Bensi, M., Kovacevic, V., 
Bergamasco, A., Zgur, F., Accettella, D., Gales, J., De Steur, L., Ursella, L., McKay, R., 
Kim, S., Lucchi, R.G., IODP Expedition 374 Scientists, 2021. Bottom current control 
on sediment deposition between the Iselin Bank and the Hillary Canyon (Antarctica) 
since the Late Miocene: An Integrated seismic-oceanographic approach. Deep-Sea 
Res. Part I 176. https://doi.org/10.1016/j.dsr.2021.103606. 

Cossu, R., Wells, M.G., Peakall, J., 2014. Latitudinal variations in submarine channel 
sedimentation patterns: the role of Coriolis forces. J. Geol. Soc. 172, 161–174. 
https://doi.org/10.1144/jgs2014-043. 

Counts, J.W., Jorry, S.J., Leroux, E., Miramontes, E., Jouet, G., 2018. Sedimentation 
adjacent to atolls and volcano-cored carbonate platforms in the Mozambique 
Channel (SW Indian Ocean). Mar. Geol. 404, 41–59. https://doi.org/10.1016/j. 
margeo.2018.07.003. 

Counts, J.W., Amy, L., Georgiopoulou, A., Haughton, P., 2021. A review of sand 
detachment in modern deep marine environments: Analogues for upslope 
stratigraphic traps. Mar. Petrol. Geo. 132, 105184 https://doi.org/10.1016/j. 
marpetgeo.2021.105184. 

Covault, J.A., Shelef, E., Traer, M., Hubbard, S.M., Romans, B.W., Fildani, A., 2012. 
Deep-water channel run-out length: insights from seafloor geomorphology. 
J. Sediment. Res. 82, 21–36. https://doi.org/10.2110/jsr.2012.2. 

Cowan, E.A., Hillenbrand, C.-D., Hassler, L.E., Ake, M.T., 2008. Coarse-grained 
terrigenous sediment deposition on continental rise drifts: a record of Plio- 
Pleistocene glaciation on the Antarctic Peninsula. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 265, 275–291. https://doi.org/10.1016/j.palaeo.2008.03.010. 

Creaser, A., Hernández-Molina, F., Badalini, G., Thompson, P., Walker, R., Soto, M., 
Conti, B., 2017. A late cretaceous mixed (turbidite-contourite) system along the 
Uruguayan margin: Sedimentary and paleoceanographic implications. Mar. Geol. 
390, 234–253. https://doi.org/10.1016/j.margeo.2017.07.004. 

Cullis, S., Colombera, L., Patacci, M., McCaffrey, W.D., 2018. Hierarchical classifications 
of the sedimentary architecture of deep-marine depositional systems. Earth Sci. Rev. 
179, 38–71. https://doi.org/10.1016/j.earscirev.2018.01.016. 

Cullis, S., Patacci, M., Colombera, L., Bührig, L., McCaffrey, W.D., 2019. A database 
solution for the quantitative characterization and comparison of deep-marine 
siliciclastic depositional systems. Mar. Pet. Geol. 102, 321–339. https://doi.org/ 
10.1016/j.marpetgeo.2018.12.023. 

Kendell, K., Deptuck, M., 2020. Atlas of 3D seismic surfaces and thickness maps, central 
and southwestern Scotian Slope. In: Canada-Nova Scotia Offshore Petroleum Board. 
Geosci. Open File Rep. 2020-002MF – 2020-006MF, 51 p.  

Deptuck, M.E., Sylvester, Z., 2017. Submarine fans and their channels, Levees, and Lobes. 
In: Micallef, A., Krastel, S., Savini, A. (Eds.), Submarine Geomorphology. Spring. 
Geol, pp. 273–299. https://doi.org/10.1007/978-3-319-57852-1_15. 

Dickson, R.R., Brown, J., 1994. The production of North Atlantic deep waters: sources, 
rates, and pathways. J. Geophys. Res. 99, 12319–12341. https://doi.org/10.1029/ 
94JC00530. 

Ding, W., Li, J., Fang, Y., Tang, Y., 2021. Morphotectonics and evolutionary controls on 
the Pearl River Canyon system, South China Sea. Mar. Geophys. Res. 34, 221–238. 
https://doi.org/10.1007/s11001-013-9173-9. 

Diviacco, P., Rebesco, M., Camerlenghi, A., 2006. Late pliocene mega debris flow deposit 
and related fluid escapes identified on the antarctic peninsula continental margin by 
seismic reflection data analysis. Mar. Geophys. Res. 27, 109–128. https://doi.org/ 
10.1007/s11001-005-3136-8. 
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Meservy, W., Gràcia, E., Rebesco, M., Zitellini, N., 2021. A mixed turbidite – 
contourite system related to a major submarine canyon: the Marquês de Pombal Drift 
(south-west Iberian margin). Sedimentology. https://doi.org/10.1111/sed.12844. 

Merciera, H., Arhana, M., Lutjeharms, J., 2003. Upper-layer circulation in the eastern 
Equatorial and South Atlantic Ocean in January-March 1995. Deep-Sea Res. I 50, 
863–887. https://doi.org/10.1016/S0967-0637(03)00071-2. 

Michels, K.H., Rogenhagen, J., Kuhn, G., 2001. Recognition of contour-current influence 
in mixed contourite-turbidite sequences of the western Weddell Sea, Antarctica. Mar. 
Geophys. Res. 22, 465–485. https://doi.org/10.1023/A:1016303817273. 

Michels, K.H., Kuhn, G., Hillenbrand, C.-D., Diekmann, B., Futterer, D.K., Grobe, H., 
Uenzelmann-Neben, G., 2002. The southern Weddell Sea: Combined contourite- 
turbidite sedimentation at the southeastern margin of the Weddell Gyre. In: Stow, D. 
A.V., Pudsey, C.J., Howe, J.A., Faugères, J.-C., Viana, A.R. (Eds.), Deep-Water 
Contourite Systems: Modern Drifts and Ancient Series, Seismic and Sedimentary 
Characteristics, Geol. Soc. London Mem, vol. 22, pp. 305–324. https://doi.org/ 
10.1144/GSL.MEM.2002.022.01.22. 

Middleton, G.V., Hampton, M.A., 1973. Sediment gravity flows: mechanics of flow and 
deposition. In: Middleton, G.V., Bouma, A.H. (Eds.), Turbidites and Deep-water 
Sedimentation, SEPM Pacific Section Short Course, pp. 1–38. 

Millot, C., Monaco, A., 1984. Deep strong currents and sediment transport in the 
northwestern Mediterranean Sea. Geo-Mar. Lett. 4, 13–17. https://doi.org/10.1007/ 
BF02237968. 

Miramontes, E., Garziglia, S., Sultan, N., Jouet, G., Cattaneo, A., 2018a. Morphological 
control of slope instability in contourites: a geotechnical approach. Landslides 15 
(6), 1085–1095. https://doi.org/10.1007/s10346-018-0956-6. 

Miramontes, E., Sultan, N., Garziglia, S., Jouet, G., Pelleter, E., Cattaneo, A., 2018b. 
Altered volcanic deposits as basal failure surfaces of submarine landslides. Geology 
46 (7), 663–666. https://doi.org/10.1130/G40268.1. 

Miramontes, E., Garreau, P., Caillaud, M., Jouet, G., Pellen, R., Hernández-Molina, F.J., 
Clare, M., Cattaneo, A., 2019. Contourite distribution and bottom currents in the NW 
Mediterranean Sea: Coupling seafloor geomorphology and hydrodynamic modelling. 
Geomorphology 333, 43–60. https://doi.org/10.1016/j.geomorph.2019.02.030. 

Miramontes, E., Jouet, G., Thereau, E., Bruno, M., Penven, P., Guerin, C., Le Roy, P., 
Droz, L., Jorry, S.J., Hernández-Molina, F.J., Thiéblemont, A., Jacinto, R.S., 
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Prélat, A., Covault, J.A., Hodgson, D.M., Fildani, A., Flint, S.S., 2010. Intrinsic controls 
on the range of volumes, morphologies, and dimensions of submarine lobes. 
Sediment. Geol. 232, 66–76. https://doi.org/10.1016/j.sedgeo.2010.09.010. 

Preu, B., Hernández-Molina, J., Violante, R., Piola, A., Paterlini, C., 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 75, 157–174. 
https://doi.org/10.1016/j.dsr.2012.12.013. 

Puig, P., Palanques, A., Martín, J., 2014. Contemporary sediment-transport processes in 
submarine canyons. Annu. Rev. Mar. Sci. 6, 53–77. https://doi.org/10.1146/ 
annurev-marine-010213-135037. 

van Raaphorst, W., Malschaert, H., van Haren, H., Boer, W., Brummer, G.-J., 2001. Cross- 
slope zonation of erosion and deposition in the Faeroe-Shetland Channel, North 

S. Rodrigues et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/S0025-3227(02)00556-X
https://doi.org/10.1098/rsta.2006.1810
https://doi.org/10.1016/j.margeo.2017.05.003
https://doi.org/10.1016/j.margeo.2017.05.003
https://doi.org/10.1016/0025-3227(89)90058-3
https://doi.org/10.1016/0025-3227(89)90058-3
https://doi.org/10.1146/annurev-fluid-121108-145618
https://doi.org/10.1111/sed.12844
https://doi.org/10.1016/S0967-0637(03)00071-2
https://doi.org/10.1023/A:1016303817273
https://doi.org/10.1144/GSL.MEM.2002.022.01.22
https://doi.org/10.1144/GSL.MEM.2002.022.01.22
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0715
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0715
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0715
https://doi.org/10.1007/BF02237968
https://doi.org/10.1007/BF02237968
https://doi.org/10.1007/s10346-018-0956-6
https://doi.org/10.1130/G40268.1
https://doi.org/10.1016/j.geomorph.2019.02.030
https://doi.org/10.1002/esp.4818
https://doi.org/10.1130/G47111.1
https://doi.org/10.1016/j.margeo.2021.106502
https://doi.org/10.1016/j.margeo.2021.106502
https://doi.org/10.1144/GSL.SP.2007.276.01.04
https://doi.org/10.1144/GSL.SP.2007.276.01.04
https://doi.org/10.1016/j.margeo.2017.08.018
https://doi.org/10.1016/j.margeo.2017.08.018
https://doi.org/10.1016/j.epsl.2018.07.023
https://doi.org/10.1016/j.epsl.2018.07.023
https://doi.org/10.1007/s00367-003-0119-0
https://doi.org/10.1007/s00367-005-0013-z
https://doi.org/10.1007/s00367-005-0013-z
https://doi.org/10.1016/S0070-4571(08)10021-8
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0790
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0790
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0795
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0800
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0800
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0805
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0805
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0805
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0810
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0810
https://doi.org/10.1046/j.1365-3091.2001.00373.x
https://doi.org/10.1007/s00367-016-0459-1
https://doi.org/10.1016/j.margeo.2008.11.011
https://doi.org/10.1111/sed.12557
https://doi.org/10.1111/sed.12557
https://doi.org/10.1016/S0025-3227(02)00548-0
https://doi.org/10.1111/bre.12328
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0850
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0850
http://refhub.elsevier.com/S0012-8252(22)00114-3/rf0850
https://doi.org/10.1007/s00367-014-0385-z
https://doi.org/10.4043/24907-MS
https://doi.org/10.4043/24907-MS
https://doi.org/10.1016/j.margeo.2021.106422
https://doi.org/10.1016/j.margeo.2021.106422
https://doi.org/10.1038/s41467-018-06254-6
https://doi.org/10.1130/G32295.1
https://doi.org/10.1130/G45142.1
https://doi.org/10.1130/G45142.1
https://doi.org/10.1016/j.marpetgeo.2003.03.005
https://doi.org/10.1038/s41467-019-12389-x
https://doi.org/10.1130/0091-7613(1986)14<291:CFSGDB>2.0.CO;2
https://doi.org/10.1130/0091-7613(1986)14<291:CFSGDB>2.0.CO;2
https://doi.org/10.1111/j.1365-3091.2009.01073.x
https://doi.org/10.1111/j.1365-3091.2009.01073.x
https://doi.org/10.1016/j.sedgeo.2010.09.010
https://doi.org/10.1016/j.dsr.2012.12.013
https://doi.org/10.1146/annurev-marine-010213-135037
https://doi.org/10.1146/annurev-marine-010213-135037


Earth-Science Reviews 230 (2022) 104030

30

Atlantic Channel. Deep-Sea Res. I 48, 567–591. https://doi.org/10.1016/S0967- 
0637(00)00052-2. 

Rasmussen, S., Lykke-Andersen, H., Kuijpers, A., Troelstra, S.R., 2003. Post-Miocene 
sedimentation at the continental rise of Southeast Greenland: the interplay between 
turbidity and contour currents. Mar. Geol. 196, 37–52. https://doi.org/10.1016/ 
S0025-3227(03)00043-4. 

Rebesco, M., 2005. Contourites. In: Richard, C., Selley, R.C., Cocks, L.R., Plimer, I.R. 
(Eds.), Encyclopedia of Geology, vol. 4. Elsevier, London, pp. 513–527. https://doi. 
org/10.1016/B0-12-369396-9/00497-4. 

Rebesco, M., Camerlenghi, A., 2008. Late Pliocene margin development and mega debris 
flow deposits on the Antarctic continental margins: evidence of the onset of the 
modern Antarctic Ice Sheet? Palaeogeogr. Palaeoclimatol. Palaeoecol. 260 (1–2), 
149–167. https://doi.org/10.1016/j.palaeo.2007.08.009. 

Rebesco, M., Larter, R.D., Camerlenghi, A., Barker, P.F., 1996. Giant sediment drifts on 
the continental rise west of the Antarctic Peninsula. Geo-Mar. Lett. 16, 65–75. 
https://doi.org/10.1007/BF02202600. 

Rebesco, M., Larter, R.D., Barker, P.F., Camerlenghi, A., Vanneste, L.E., 1997. The history 
of sedimentation on the continental rise west of the Antarctic peninsula. In: 
Cooper, A.K., Barker, P.F. (Eds.), Geology and Seismic Stratigraphy of the Antarctic 
Margin II, AGU Ant. Res. Series 0066–4634, vol. 71, pp. 28–49. https://doi.org/ 
10.1029/AR071p0029, 0-87590–884-5.  

Rebesco, M., Camerlenghi, A., Zanolla, C., 1998. Bathymetry and morphogenesis of the 
continental margin west of the Antarctic Peninsula. Terra Antart. 5, 715–725. 

Rebesco, M., Pudsey, C., Canals, M., Camerlenghi, A., Barker, P., Estrada, F., 
Giorgetti, A., 2002. Sediment drift and deep-sea channel systems, Antarctic 
Peninsula Pacific margin. In: Stow, D.A.V., Pudsey, C.J., Howe, J.A., Faugères, J.-C., 
Viana, A.R. (Eds.), Deep-Water Contourite Systems: Modern Drifts and Ancient 
Series, Seismic and Sedimentary Characteristics, Geol. Soc. London Mem, vol. 22, 
pp. 353–371. https://doi.org/10.1144/GSL.MEM.2002.022.01.25. 

Rebesco, M., Camerlenghi, A., Volpi, V., Neagu, C., Accettella, D., Lindberg, B., Cova, A., 
Zgur, F., The Magico Party, 2007. Interaction of processes and importance of 
contourites: Insights from the detailed morphology of sediment Drift 7, Antarctica. 
In: Viana, A.R., Rebesco, M. (Eds.), Economic and Palaeoceanographic Significance 
of Contourite Deposits, Geol. Soc. London Spec. Publ., vol. 276, pp. 95–110. https:// 
doi.org/10.1144/GSL.SP.2007.276.01.05. 

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. https://doi.org/10.1016/j. 
margeo.2014.03.011. 
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