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Abstract
The shelf- slope margin is a geomorphic zone with a change in gradient between 
subaqueous shelves and slopes, which extends towards the submarine basin- 
floor. It is important because it partitions distinct sedimentary and biogenic pro-
cesses between the shallow and deep- water realms. The initiation of a shelf- slope 
profile from pre- existing conditions, and the evolution of shelf margins in space 
and time has been the focus of numerous studies, particularly from seismic data 
sets on passive margins, although markedly less- so from active tectonic settings. 
This study documents the initiation and evolution of a shelf- slope margin in the 
well- studied Eocene Aínsa Basin (Spanish Pyrenees) through the segmentation 
of a mixed carbonate- siliciclastic ramp via contractional tectonics and differential 
subsidence. The basinward propagation of a series of thrusts through the ramp 
allowed the maintenance of shallow- water, predominantly carbonate sedimen-
tation on their uplifted hanging wall anticlines. Conversely, the deepened foot 
wall synclines became muddy slope environments, and their axes became the 
main loci of siliciclastic turbidity current bypass and deposition. The deflection 
of turbidity currents around uplifted areas towards the synclinal lows allowed for 
the continuation of carbonate production at the bathymetric highs, which kept 
pace with subsidence. The interface between shallow-  and deep- water sedimenta-
tion (i.e. the shelf- slope margin) was an erosional and composite submarine scarp 
surface generated by several phases of large- scale mass wasting of the aggrad-
ing shelf carbonates, and healing by onlap of slope turbidites against the scarp. 
Continued thrust propagation and basin deepening led to the progressive head-
ward degradation of the surfaces, resulting in an apparent retrogradation of the 
shelf- slope margin and onlapping slope deposits. This model for the tectonically 
controlled conversion of a submarine ramp into a shelf- slope profile contrasts 
with conventional models that consider shelf- slope margins to be inherently 
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1  |  INTRODUCTION

Shelf- slope rollovers (Jones et� al.,� 2013; Patruno 
et� al.,� 2015) are geomorphic zones recording a change 
in bathymetric gradient between the gently seaward- 
dipping (ca. 0.05°) shallow- water shelves and steeper 
(typically ca. 1�3°) submarine slopes that extend towards 
the deep- water basin- floor (Helland- Hansen et�al.,�2012; 
Kennett,�1982; Por�bski & Steel,�2003; Ryan et�al.,�2009). 
In the present day, shelves are a few to several hundreds of 
kilometres wide, and the shelf- edge rollover occurs on av-
erage at ca. 130 m water depth and has been recognised in 
all passive and active basin types (Kennett,�1982; Pratson 
et�al.,� 2007). In this study, the broader term �shelf- slope 
margin� is used to include the additional subaqueous en-
vironments that can juxtapose the gently dipping shelf 
with steeper (slope) settings, for example, where a canyon 
incises the shelf or where a break in slope is formed by 
a tectonic structure, while the term �shelf- slope rollover� 
is reserved for margins that are net- progradational and/
or aggradational, driven by sedimentation (i.e. forming a 
clinoform topset).

Shelf- slope margins and rollovers are important because 
they partition sedimentary and biogenic processes. On the 
shelf, shallower waters promote primary productivity�
in the present day, they make up less than 8% of global 
ocean seabed surface area but provide 15%�30% of the 
oceanic primary production (Chen & Borges,�2009; Yool & 
Fasham,�2001). Near the shoreline, wave, tidal and riverine 
sediment delivery and redistribution processes prevail, and 
sandy bedload is commonly trapped (Allen,�1970; McCave 
& Swift,�1976). More distally, sand- grade sediment can be 
delivered via (combined) gravity processes following from, 
for example, delta- lip collapse (Bailey et�al.,�2021; Dreyer 
et� al.,� 1999; Sammartini et� al.,� 2019), storm relaxation 
surges (Duke,� 1990; Wiberg,� 2000) or hyperpycnal flows 
(Bhattacharya & MacEachern,� 2009; Mulder et� al.,� 2001, 
2003; Zavala & Pan,�2018), but the low gradient of the shelf 
limits the frequency and runout distance of such flows. 
Only flows with sufficient density contrasts can reach the 
roll over, except where the shelf is very narrow or addi-
tional currents can facilitate transport. As a result, deposi-
tion of siliciclastic, biogenic and fluid mud dominates shelf 

environments (Dalrymple & Choi,�2007; Kineke et�al.,�1996; 
Patruno et�al.,�2015; Suter,�2006).

By comparison, submarine slopes are typically con-
sidered zones of coarse- grained sediment bypass, where 
the steeper gradients result in relatively higher turbidity 
current velocity, allowing sediment to remain suspended 
in flows over greater distances (Hedberg,� 1970; Prather 
et�al.,�1998; Ross et�al.,�1994). Overall, the steeper upper 
slope is generally a zone of grater bypass, and composed of 
finer grained sediments, whereas the lower gradient toe- 
of- slope and basin- floor fans are comparatively coarser 
grained (Prather et� al.,� 2017). Slopes are dominated by 
mass wasting and slope failure processes (i.e. slumps, slides 
and debris flows; Kneller et�al.,�2016; Shanmugam,�2019), 
also because of their relatively steep gradients. Slope fail-
ure processes, erosion and the bypass of sediment gravity 
flows (e.g. Harris & Whiteway,�2011; Heijnen et�al.,�2020; 
Normark et�al.,�2009; Piper & Normark,�2009; Pratson & 
Coakley,� 1996) can excavate canyons, channels and gul-
lies on the slope (Jobe et�al.,�2011; Pettinga & Jobe,�2021). 
Larger scale, longer lived features (i.e. canyons) from 
through protracted retrogradational (shelfward) erosion 
of the slope and can become significant pathways for the 
delivery of terrigenous sediment to the basin- floor if they 
are able to cross the shelf and tap the coarser grained frac-
tion otherwise trapped there (Covault et�al.,�2011; Harris 
& Whiteway,� 2011; Stow et� al.,� 1996). Canyons undergo 

progradational after initiation. This study also challenges the notion that large- 
scale degradational surfaces and thick successions of submarine landslides are 
inherently diagnostic of canyons and their fill.

K E Y W O R D S
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Highlights

� The Aínsa Basin shelf- slope- basin- floor profile 
was generated by the segmentation of a pre- 
existing ramp structure by thrust faults.

� After initiation, the shelf- slope margin retro-
graded in response to basin deepening.

� The shelf- slope transition was a composite 
surface generated by slope- failure and healing 
processes.

� The position of thrusts, and associated struc-
tures strongly controlled sediment routing, by-
pass and deposition on the new slope.
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cycles of formation (degradation of the slope), and fill-
ing (restoration of the slope profile; Prather et�al.,�1998; 
Prather,� 2000) in response to a variety of allogenic per-
turbations and in and autogenic cycles, including eustatic 
sea- level change, tectonism and changes in the sources 
and volumes of sediment supply (e.g. Fisher et�al.,�2021; 
Gomis- Cartesio, 2018; Millington & Clark,�1995).

The increasing coverage and quality of seismic data 
over the last 30 years, has led to the development of ge-
neric models for the initiation and maintenance of shelf- 
slope margins (Helland- Hansen et�al.,�2012; Johannessen 
& Steel,�2005; Stow et�al.,�1996). When sedimentation rates 
are greater than accommodation generation, a basinward- 
diminishing sedimentation rate over a surface that dips 
seaward to bathyal depths necessarily nucleates a shelf- 
slope profile, which can subsequently prograde or aggrade 
depending on the rate of accommodation creation (�sed-
imentary shelves�; Mortimer et�al.,�2005; Figure�1a). The 
emplacement of large- scale landslide deposits have also 
been shown to initiate a shelf- slope profile which sub-
sequently prograded (e.g. the cumulatively 900 m thick 
landslide deposits that initiated a shelf- slope profile in the 
Upper Cretaceous Tres Pasos and Dorotea formations of 
southern Chile; Bauer et�al.,�2020; Figure�1b).

Alternatively, a shelf- slope profile can form as a struc-
tural feature (�structural shelves� sensu Helland- Hansen 
et�al.,�2012; Figure�1d) such as a normal fault escarpment. 
With normal faults the shelf- slope profile remains (al-
most) static, unless sediment is supplied, which drapes 
the structural feature, and permits the shelf- slope roll-
over to prograde or aggrade (i.e. �combined structural and 
sedimentary shelves� sensu Helland- Hansen et�al.,�2012; 
Figure� 1c). However, it can be posed that structural 
shelf- slope profiles around thrusts do propagate be-
cause of their low angle and reverse movement which 
causes propagation of the area of uplift and subsidence. 
Following establishment, shelf- slope rollovers are con-
sidered fundamentally progradational over timescales 
of 104�106 years (Helland- Hansen & Hampson,� 2009; 
Patruno et�al.,�2015), even if punctuated by episodes of 
hiatus (Poyatos- MorØ et�al.,�2019) or degradation (Bauer 
et�al.,�2020; Gomis- Cartesio et�al.,�2018; Ross et�al.,�1994; 
Ryan et�al.,�2009).

There have been a number of outcrop studies docu-
menting how sedimentary processes and facies vary across 
the shelf- slope margins (Gomis- Cartesio et�al.,�2018; Jones 
et�al.,�2015; Poyatos- MorØ et�al.,�2019; Ryan et�al.,�2009; 
Wild et�al.,�2009). But these studies are focussed on �sed-
imentary� shelf- slope margins (Bauer et� al.,� 2020). This 
study documents the variety of facies and sedimentary 
processes operating during the initiation and evolu-
tion of a combined structural- sedimentary shelf- slope 

margin through the segmentation of a pre- existing mixed 
carbonate- siliciclastic ramp via contractional tectonics. 
The event marks the onset of a major phase of deep- water 
coarse- grained deposition in the well- studied Aínsa Basin 
of the southern Pyrenees.

2  |  GEOLOGICAL SETTING

The Aínsa Basin in the southern Pyrenees was one of a 
number of east�west axially elongated, interconnected 
foredeep and thrust- top (or piggy- back) depocentres 
bounded by southerly propagating thrusts developed 
in response to Late Cretaceous to Miocene conver-
gence of the Iberian and Eurasian continental plates 
(Muæoz,� 2002; Rosenbaum et� al.,� 2002; Srivastava & 
Roest,�1991; Figure�2a). In Mid- Ypresian (Eocene) times, 
the basin polarity was oriented axially towards the west, 
with a gently dipping mixed carbonate- siliciclastic 
ramp system deepening towards the Atlantic Ocean 
(Morillo and Castigaleu formations; Chanvry et�al.,�2018; 
Nijman,�1998; Figure�2b). Propagation of the south verg-
ing thrust complex at this time in the southern fore-
land was non- uniform, with greatest displacement in 
the south- central part of the orogeny (South- Central 
Unit�SCU) and decreasing towards the eastern and 
western margins (Bentham & Burbank,� 1996; Muæoz 
et�al.,�2018; Puigdefàbregas et�al.,�1992; Figure�2a). This 
differential displacement led to the formation of lat-
eral ramp structures on the western margin of the SCU 
(FernÆndez et�al.,�2012; Muæoz,�2002)� a series of N- S 
oriented and west- verging thrusts and folds: Cotiella (to 
Bóixols), Atiart and Peæa Montaæesa (to Montsec) and 
Mediano (to Serres Marginals). By mid to late Cuisian 
(upper Ypresian) times, these structures began to seg-
ment the westward- deepening ramp into a system on 
which fluvial and shallow- marine deposition took place 
to the east (Middle Montanyana Group, Tremp- Graus 
Basin; Figure�2b; Chanvry et�al.,�2018; Nijman,�1998) and 
a time- equivalent deep- water basin dominated by slope 
deposits (Aínsa Basin) and basin- floor fans in the west 
(Jaca Basin; Figure� 2c). These deep- water deposits are 
collectively called the Hecho Group (Clark et� al.,� 2017; 
Mutti,� 1977; Remacha & FernÆndez,� 2003; Scotchman 
et�al.,�2015).

Previous work proposes that the initial shelf- slope 
profile was incised by a large submarine canyon�the 
Atiart Canyon�formed by periodic collapse, bypass 
and erosion (Castelltort et�al.,�2017; Muæoz et�al.,�1994; 
Mutti,� 1992; Mutti & Normark,� 1987). The evidence 
used to support this hypothesis is a major, 9 km long 
mappable contact, termed the Atiart Surface (Barnolas 
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& Gil- Peæa,�2001; Muæoz et�al.,�1994; Soler & Garrido- 
Megias, 1970), between (assumedly) older, underlying, 
shallower water ramp successions of the Morillo and 
Castigaleu formations, and the overlying, turbiditic, 
deep- water slope and channel- fill succession of the 
Hecho Group (Fosado System; Chanvry et� al.,� 2018; 
Clark et�al.,�2017; Mutti et�al.,�1985; Poyatos- MorØ,�2014; 
Scotchman et�al.,�2015; Figure�2). The age of the base of 

the Hecho Group is assumed, based on existing litho-
stratigraphic correlation criteria, but in the absence of 
a distinct biostratigraphic hiatus (Payros et� al.,� 2009), 
to entirely post- date the Atiart Surface and underlying 
Castigaleu Formation. The initiation and evolution of 
the Atiart Surface (Figure�2c) as a record of the transi-
tion from a ramp- type margin into a shelf- slope margin 
is the target of this study.

F I G U R E  �  Examples for the initiation of a shelf- slope profile. Prograding shelf- slope clinothems are formed by: (a) differential 
deposition on a ramp; (b) the emplacement of a mass- transport complex (MTC); (c) Nucleation at a fault in an extensional setting (i.e. 
margins of a rift basin). In (d), the shelf- slope profile is initiated by extensional tectonics but is not maintained by sedimentation. Modified 
from concepts in Helland- Hansen et�al.�(2012).
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