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Abstract :

The Messinian Salinity Crisis (MSC) drastically affected the physiography, morphology and
sedimentation all along the Mediterranean area at the end of the Miocene. This paper presents an
analysis of the effects of the MSC on the Catalan continental margin, based on a broad database of
seismic reflection profiles from the oil industry and academy. We study the sedimentary processes
and their controlling factors and the correlation with the nearby and well-known Gulf of Lions.
Because of the complexity of the MSC, we define the Margin Erosion Surface/Top Erosion Surface
(MES/TES) as the surface marking the end of the Messinian event, which allows differentiating three
domains along the Catalan margin: the Creus, Girona and Barcelona domains, separated by the
Palamés and Blanes canyons. The Creus domain shows an important structural control on the
MES/TES physiography, while the Girona and Barcelona domains are characterized by wide and flat
MSC platforms below the present-day shelf. The entire margin developed a series of complex
drainage systems as the result of the Messinian sea level drop.

The location of the main valleys (Cap de Creus paleo-drainage system, Palamés and Blanes paleo-
canyons and the downslope-trending valleys on the Barcelona domain) was directly controlled by the
structural framework. In contrast, the Barcelona paleo-drainage system and the tributaries of the
Blanes and Palamés systems were excavated by direct subaerial erosion by meteoric rain in the
basins limited by basement blocks, and were afterwards totally filled by the Pliocene—Quaternary
sedimentation. Regarding the MSC depositional features, the major part of the eroded sediment was
deposited as detrital deposits on the foot of the slope. The distribution of detrital bodies and
evaporites was also structurally controlled. A Zanclean sea level rise occurring in at least two phases
is confirmed by this study, in correlation with interpretations from the Gulf of Lions.

Keywords : Valencia Basin ; Catalan Margin ; Messinian Salinity Crisis ; Sea level ; Drainage
systems



1. Introduction

The Messinian Salinity Crisis (MSC) has concentrated the interest of many researches
since the drilling of evaporites and salt in the Mediterranean basins in the 70's (Hsu et
al.,, 1973a,b; Ryan et al., 1973). Nevertheless, the bulk of investigations has focused
on the marginal or deep evaporite basins, while only few works have dealt with the
record of the MSC on the continental margins, which should be considered as key
areas to link marginal to deep basins and to elaborate a global MSC scenario. In the
Northwestern Mediterranean, the Gulf of Lions shelf-slope-deep basin transition has
been studied thanks to a solid database (Guennoc et al., 2000; Lofi et al., 2005; Gorini
et al.,, 2005; Bache, 2008; among others). Recent studies have also dealt with the
transition from margins to deep basin on other Northwestern Mediterranean areas
(Sage et al., 2005; Cornée et al., 2008; Obone Zue Obame et al., 2010) and in the
Eastern Mediterranean area (Bertoni and Cartwright, 2006, 2007). More recently, a
new multi-site study has allowed a synthetic approach to the study of the MSC on the
Western and Eastern Mediterranean and Black Sea (Lofi et al.,, 2010). The Catalan
continental margin is a key area for studying the correlation between the well-studied
Gulf of Lions and the Valencia Basin (Fig. 1). This continental margin is particularly
important because it is located at the transition of an oceanic basin margin (Gulf of
Lions/Provencal Basin) and an aborted rift (Valencia Basin) represented by the North-
Balearic Fracture Zone (Maillard and Mauffret, 1999). In this complex context the local
structural effects can be expected to have an important effect on the record of the
Messinian events, in particular on the erosion surfaces and the resulting deposits. On
the basis of these premises, this paper intends to improve the understanding of the
Messinian event on the Catalan continental margin by studying the physiography and
morphology of erosional and depositional features. We focus on establishing the major
factors that controlled the record of the MSC event on the Catalan margin and on
analyzing different interpretations for the Messinian sea level changes in the region.

2. Geological setting

2.1. The Catalan Continental Margin

The Catalan continental margin is located at the NW of the Valencia Basin in the
Western Mediterranean. It is limited by the Cap de Creus to the north, by the Ebro delta
to the south, and opens to the deep Provencal Basin (Fig. 1a). The Valencia Basin has
developed in a complex tectonic setting. A first compressional episode occurred during
the Paleogene, when the fault-related tectonic uplift on the Catalan Coastal ranges was
compensated by erosion and isostatic subsidence (Gaspar-Escribano et al., 2004). At
the end of the Oligocene to Early Miocene, subsequent extension, involving back-arc
processes in relation to the African-European convergence started in the Gulf of Lions
and propagated southwestwards to the Valencia Basin (Olivet, 1996; Jolivet et al.,
2006; Bache et al., 2010). The extensional processes were not homogeneous along
the basins separated by the North-Balearic Fracture Zone, as accretion occurred in the
Provengal Basin while the Valencia Basin ended as an aborted rift (Maillard and
Mauffret, 1999; Fig. 2). The extensional episode included a syn-rift stage (Upper
Oligocene-Lower Burdigalian), responsible for the present-day half-graben structure
and sediment deposition in the troughs, and a post-rift stage (Late Langhian-Present)
of attenuated tectonic activity (Le Pichon et al., 1971; Bartrina et al., 1992; Roca and
Guimera, 1992; Torres et al., 1993; Roca et al., 1999hb).

The pre-Cenozoic basement of the offshore Catalan continental margin shows NW-SE
to NNW-SSE structures offshore the Gulf of Rosas, including the Riumors-Roses



Basin, which forms a NW-SE-oriented trough, delimited by the Pals high and the Cap
de Creus (Roca et al., 1999b). To the south, the basement presents NE-SW trending
faults offshore Barcelona and Palamds, delimiting the Barcelona, Calella and Sant-
Feliu half-grabens (Fig. 2). The basement shallows towards the proximal areas of the
margin and forms two relatively flat platforms, the Malgrat high off Matar6 and the
Roses high seawards of the Sant Feliu half-grabens (Roca et al., 1999b; Fig. 2).
Basinwards, a prominent E-W-oriented high has been identified on the basement
(Maillard and Mauffret, 1999; Fig. 2). On the deep basin the presence of numerous
morphological highs is the result of rifting-related volcanism (Marti et al., 1992; Maillard
and Mauffret, 1993; Fig. 3). Both basement highs and volcanoes are not totally buried
by the Miocene sediments but still outcrop in the Margin Erosion Surface and in the Top
Erosion Surface (MES/TES) and patrtially in the present-day seafloor.

The pre-Messinian sedimentary record in the Catalan margin includes Lower to Upper
Oligocene sediments deposited in piggyback basins during the pre-extensional
episode, Lower Miocene sediments deposited in the graben troughs during the syn-rift
episode and late Langhian to Messinian sequences that show a gradual transition to
the post-rift stage (Roca et al., 1999hb).

The Catalan continental margin has been defined as an essentially closed sedimentary
system where onshore sediment sources converge to the Valencia Channel and feed
the Valencia deep sea Fan (Dafobeitia et al., 1990; Amblas et al., 2006; Fig. 1). The
sediment transport is controlled by submarine valleys that include two types of
features, major and minor canyons. The major Palamés and Blanes canyons run from
short distance (few km) from the coast to the deep basin and are directly connected to
minor rivers (Ter and Tordera rivers respectively, Fig. 1; Canals et al., 2004). The role of
these canyons as major sediment transport pathways from the continental margin to
the deep basin is enhanced during storm events and cascading processes (Palanques
and Maldonado, 1985; O'Connell et al., 1985; Alonso et al., 1991, 1995; Palanques et
al., 2005; Martin et al., 2006; Zadiga et al., 2009). The minor canyons (Arenys, Besos,
La Berenguera, Foix) incise the continental slope break in the southwestern part of the
Catalan continental margin (Fig. 1). They are short linear downslope-trending canyons,
generally without tributaries, and are apparently disconnected from fluvial sources
(Canals et al., 2004). Most of these canyons connect directly to the 400 km long
Valencia Channel (Amblas et al., 2006), which runs along the axis of the Valencia
Basin, maintained by mass-transport processes and associated retrogressive slumps
(Alonso et al.,, 1995; 2000; Fig. 1). This channel acts as the main collector of the
Valencia Basin drainage network (Alonso and Maldonado, 1990; Farran and
Maldonaldo, 1990; Field and Gardner, 1990; Nelson and Maldonado, 1990; Escutia
and Maldonado, 1992; Palanques and Alonso, 2000). This network included the Ebro
drainage system since at least the end of the Messinian event (Babault et al., 2006).

2.2. The MSC context

The Messinian Salinity Crisis (MSC) was an extreme event that affected the entire
Mediterranean area during a relatively short period (5.96-5.33 Ma), when the
Mediterranean-Atlantic connection progressively closed, leading to the evaporative
concentration of a highly saline brine (Hsu et al., 1973a,b; Krijgsman et al., 1999;
Ryan, 2009; among others). The subsequent sea level fall exposed the margins to
subaerial erosion while a thick evaporite sequence was deposited in the basin (HsU et
al., 1973a,b; Montadert et al., 1978; Rouchy and Caruso, 2006; Ryan, 2009). Following
the new synthetic nomenclature (CIESM, 2008; Lofi et al.,, 2010), the evaporite
sequence includes: the Lower Unit (LU), the Mobile Unit (MU), and the Upper Unit
(UU). The material eroded from the margins was deposited downslope in the form of
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seaward prograding sets and/or fan-shaped deposits showing chaotic seismic facies
(Clauzon, 1978; Barber, 1981; Stampfli and Hocker, 1989; Guennoc et al., 2000; Lofi et
al., 2003, 2005; Maillard et al., 2006; Ottes et al., 2008; Bache et al., 2009; Ryan,
2009; Lofi et al., 2010).

The Zanclean flood sealed the end of the MSC at 5.33 Ma (Hilgen and Langereis,
1993; Lourens et al., 2004). This event at 5.33 Ma has received several interpretations,
from a catastrophic water flow lasting a few years (Blanc, 2002; Garcia-Castellanos et
al., 2009) to a progressive flooding occurring in two different phases of rising sea level
(Bache, 2008; Bache et al., 2009). After the MSC, the presence of the salt induced salt
tectonism, with the development of listric faults affecting the Pliocene-Quaternary deep
sea sedimentation (Gaullier and Bellaiche, 1996; Dos Reis et al., 2004, 2005).

2.3. The MSC in the Valencia Basin

The Valencia margin is characterized by the polygenic Margin Erosion Surface (MES)
related to a succession of erosional events upslope, and by the existence of detrital
bodies (Fig. 3). Towards the Valencia basin, the Messinian depositional units are
bracketed by a Basal Erosion Surface (BES) and a Top Erosion Surface (TES), which
marks the last Messinian erosional event (Maillard et al., 2006). Numerous submarine
valleys eroded the Catalan continental margin. They formed a convergent network of
tributaries that flew down into the deep Valencia paleo-channel, which cut the TES in
the basin (Escutia and Maldonado, 1992; Fig. 3). Only some of these MSC canyons
are active today (Foix, Blanes, Palamads; Fig. 1), while many others cannot be identified
in the present-day bathymetry (Figures 1 and 3; Escutia, 1992; Escutia and
Maldonado, 1992; Tassone et al., 1996). Onshore, the Messinian event has also been
identified, in the form of Messinian canyons along or close to the present-day Llobregat
and Besos rivers (Vicente i Castell, 1986; Ventanyol et al., 2002; Parcerisa et al.,
2008), and a Messinian NW-SE-oriented trough that connected to the Riumors-Roses
marine basin on the Alt Emporda area (Escuer and Fleta, 1991). After the Zanclean
reflooding the Valencia Basin registered an important sedimentation in the form of
canyon infilling, hemipelagic deposition and prograding units (Dafiobeitia et al., 1990;
Escutia and Maldonado, 1992; Bartrina et al., 1992). The Pliocene sequence is
represented by a terrigenous shelf and a prograding slope infilling the Messinian
valleys and depressions, and was controlled by the basinward tilting of the continental
shelf (Tassone et al., 1996). The Quaternary sequence presents a similar configuration,
although the major glacioeustatic variations have substituted tectonics as the major
controlling factor (Ercilla et al., 1994; Tassone et al., 1996) as also observed in the Gulf
of Lions (Rabineau et al., 2006).

3. Methodology and dataset

This study is based on a seismic database that includes seismic profiles obtained
during several scientific cruises and oil industry seismic profiles obtained from the
SIGEOF database of the Instituto Geologico y Minero de Espafia (IGME, www.igme.es)
(Fig. 4a). This database has provided to the public a wide amount of seismic profiles in
the form of TIFF files (scanned profiles) and the associated navigation files. The
conversion of the TIFF files into SEGY files was performed with the Image2SEGY
software (Farran, 2008; http://www.icm.csic.es). This software converts the pixels of the
TIFF image into values of amplitude, and associates these values to the navigation,
producing high-quality SEGY files. For this study we have used the Kingdom Suite
software to construct and interpret the seismic database.


http://www.igme.es/

This study of the MSC is focused on the identification of the MES/TES surface that
marks the end of the Messinian event, and constitutes the base of the Pliocene. This
surface corresponds to the former unique M surface defined by Ryan et al. (1973), and
is defined today as the MES on the continental margins (no MSC deposits) and as the
TES on the basins, on top of the basin MSC deposits. The information from several
drilling sites, both from the oil industry and scientific drillings, has been used to
establish the chronostratigraphy of the seismic profiles and to identify the MES/TES.
Besides the predominant erosive character of the surface, marked by the truncation of
the underlying reflections, other seismic criteria taken into account are (Fig. 4b): 1)
variation in the frequency of seismic reflections, between the Miocene and the Pliocene
megasequences; 2) changes in the tectonic imprint, generally from a more-tectonised
pre-MSC unit to a less-disturbed Pliocene-Quaternary unit (Gorini et al., 2005); 3)
Prograding clinoforms overlying the MES/TES; and 4) double high-amplitude reflection
in the basin (Escutia and Maldonado, 1992). For the calculation of gradients on the
MES/TES, a two-layer velocity model has been applied, assuming a value of
1500 ms™*for the speed of sound in seawater and 2290 ms™ as an average value for
the Pliocene-Quaternary sediments (Maillard et al., 2006).

4. Results

4.1. Physiography and morphology of the MES/TES

The Catalan Messinian continental shelf was 3-25 km wide, with minimum widths
toward the northern sector (off Cap de Creus and Cap de Begur) (Fig. 5), The width
and depth increases towards the south, where the shelf forms two relatively flat
platforms (from O to 0.5 s TWTT; inclined seaward at present day) limited by two
prominent valleys that correspond to the present-day Palamés and Blanes canyons.
Two small flat platforms also occur off Cap de Begur (5-15 km wide and from 0 to 0.5-
0.7 s deep) and off Barcelona (10 km wide, from 0 to 1-1.1 s deep). The continental
slope is 25-45 km wide and runs from 0.3-0.5 to 2-2.5 s TWTT depth. The continental
rise is 25-50 km wide (increasing its width towards the south) and occupies depths of
3.2-3.5 s, where it connects to the deep basin (Fig. 5).

On the continental slope, the MES/TES shows a sharp transition from a proximal
rough, badland-type character with many valleys and incisions to a distal smooth
surface gently dipping basinwards (Figures 5 and 10). This updip transition occurs at
consistent depths on the seismic profiles throughout the entire study area, ranging
between 1.4 and 1.7 s TWTT, except for the area around the Palamoés paleo-drainage
system, where it occurs at depths of upt0 1.9 s TWTT.

In addition, the MES/TES on the Catalan margin was characterized by the presence of
a variety of paleo-drainage systems. The Palamos and Blanes canyons were present in
the MES/TES, as the first-order conduits of two well-developed paleo-drainage
systems. Two other drainage systems have been identified in the MES/TES, but do not
exist today: the Cap de Creus paleo-drainage system (Gulf of Rosas), also consisting
of a relatively complex and hierarchic network of valleys, and the Barcelona paleo-
drainage system, consisting of a single valley. The domains and the paleo-drainage
systems will be described in detail in the next sections.

On the base of the morphology of the MES/TES and its relationship with the structural
features, the Catalan continental margin can be subdivided into three well-differentiated
domains (Fig. 5). From north to south: the Creus domain extends between the Cap de
Creus and the Palamos Canyon; the Girona domain is limited by the Palamds and the



Blanes canyons; and the Barcelona domain extends from the Blanes canyon to the
southern limit of the study area.

4.1.1. The Creus domain

The morphology of the MES/TES on the Creus domain is strongly affected by the
basement, and globally coalesces with it (Figs. 5 and 6). The basement outcrops in the
proximal coastal areas along the entire domain and forms numerous morphological
highs (Fig. 6). The basement forms a NW-SE-oriented elongated outcrop off the Begur
Cape, named Pals high (Fig. 2; Roca et al., 1999b). Numerous morphological scarps
can be identified in the proximal areas at the borders of the basement outcrops, but
also at deeper areas, where they seem to be related to NNW-SSE to NW-SE-trending
faults (Roca et al., 1999b). Two major paleo-drainage systems have been identified in
this domain: the Cap de Creus paleo-drainage system, which is located off the Gulf of
Rosas, and the northern part of the paleo-Palamés drainage system, at the south of the
domain (Figs. 5 and 6).

4.1.2. The Girona domain

In the Girona domain the MES/TES is affected by few isolated basement outcrops. The
most important structural features are two prominent W-E-oriented ridges located at the
foot of the continental slope (Fig. 5). The southernmost ridge forms a 50 km long
morphological high with a relief of up to 1.6 ms TWTT and gradients of up to 8° on its
southern side, where it outcrops in the present day seafloor. The northernmost ridge is
about 30 km long and has a less pronounced relief, up to 1 s TWTT, with gradients of
5° where it outcrops.

On the continental shelf, the MES/TES shows a relatively shallow MSC platform (Fig.
7), limited to the NE and SW by the rims of the paleo-Palamé6s and paleo-Blanes
drainage systems respectively (Figs. 5 and 7). This platform, with a maximum width of
25 km, is characterized by a relatively smooth surface, with rare truncated reflections.
On the flanks of this platform, as well as on the deeper areas of the continental slope,
the MES/TES has an irregular and more erosive character indicated by the truncation
of reflections. Its outer limit to the SE coincides with the limit of the Rosas High (Fig. 2;
Roca et al., 1999b).

4.1.3. Barcelona Domain

In the Barcelona domain, the basement half-graben morphology controlled both the
MSC platform that occupies most of the continental shelf and the slope platform
located off Barcelona (Figs.5 and 8). The MSC platform, 20 km wide and 0.4-0.6 s
deep, is bounded by scarps and is oriented in a coast-parallel direction. It coincides
with the Malgrat basement high (Fig. 3), which is delimited by normal SE-dipping faults
(Roca et al., 1999b). The MES/TES has a smooth character on the platform, while it is
irregular and clearly erosive on the rest of the domain. An ENE-WSW-oriented valley is
incised at the western part of the platform (the Barcelona paleo-drainage system),
while the eastern part is affected by the Blanes paleo-drainage system (Figs. 5 and 8).
The major part of the continental slope at the western part of this domain presents
numerous downslope-trending parallel valleys spaced 8 to 10 km, with widths of 5-10
km and incision depths of 0.5-1.1 s (Fig. 5).



4.2. Paleo-drainage systems

The Cap de Creus paleo-drainage system is located in the Creus domain, at about
30km southwestward of the present-day Creus Canyon (Fig. 5). It consists of a major
NW-SE oriented valley and its tributaries. The main valley is about 30 km long and its
head is incised few kilometers from the present-day coastline. The valley location
coincides with the Riumors-Roses Basin at the northern side of the Pals basement high
(Figs. 2 and 5). The MES/TES shows that the transversal profile of the valley is
asymmetrical and V-shaped, with 10-12 km wide and up to 0.9 s deep incisions at the
proximal part. On the middle part, the profile is relatively symmetrical and U-shaped,
and the valley size becomes smaller, about 5.5 km wide and up to 0.6 s deep. On the
distal part, the transversal profile is also asymmetrical and U-shaped, and the valley
increases its size to widths of up to 12 km and depths of up to 1 s. Tributary valleys
occur on the upper slope and connect with the main valley, mostly at its northern side,
off Cap de Creus. They are 1-2 km wide and up to 0.6 s deep, are spaced few
kilometers and design mesa-like reliefs with flat tops at depths of about 0.5 s (Fig. 6).

The Palamds paleo-drainage system consists of a major valley (the Palamés paleo-
canyon) at the same location than the present-day Palamds Canyon, and a dendritic
network of tributary valleys (Figs. 5 and 9). The paleo-canyon is WNW-ESE-oriented. It
is about 30 km long, 15-20 km wide and shows a V-shaped, asymmetrical profile with a
steeper southwestern flank (Fig. 9). The main tributary is about 22 km long, has a
NNW-SSE direction, and receives the input of some smaller-scale tributaries. It has
widths of up to 5 km and incision depths of 0.5-0.6 s. This valley coincides with the NE
part of the Begur Basin, which forms a narrow (2-5 km wide) trough limited by faults, at
the SW side of the Pals high. On the western side, several smaller-scale tributaries
have been identified, with a general WSW-ENE to SSW-NNE direction, lengths of 15-
25 km and incision depths of up to 0.58 ms. Those tributaries are limited by the scarps
at the eastern side of the Girona domain platform and are incised in the Sant Feliu
graben (Figs. 2 and 5).

The Blanes paleo-drainage system consists of a major valley (the Blanes paleo-
canyon), at the same location than the present-day Blanes Canyon, that limits the
Girona from the Barcelona domains, and a convergent, dendritic network of tributary
valleys (Fig. 5). The paleo-canyon is oriented NNE-SSW to N-S. Its head is located at
less than 5 km from the present-day coastline and it can be followed for about 60 km.
The proximal part is narrow (up to 15 km wide) and shows symmetrical transversal
profiles, with incision depths of up to 0.5 s. The distal part the paleo-canyon widens to
30 km, and presents an irregular transversal profile, mostly U-shaped and
asymmetrical, with a steeper and narrower western flank (Fig. 5). The distal part cannot
be precisely determined with the available data, but no relief can be identified at depths
deeper than 3 s. This valley receives tributary valleys from both the northern and
southern sides. A major 15 km long tributary valley, 3-5 km wide and 0.25-0.45 s deep
mouths into the upper paleo-canyon from the NE side. This valley also receives the
input of some smaller-scale tributaries, and this secondary system is excavated into the
Girona domain platform, coinciding with the Sant Feliu graben (Figs. 2 and 5). Several
tributaries mouth into the main valley at its middle and distal course, both from the
eastern and western sides. These tributaries have variable trends, lengths of up to 30
km and widths of up to 14 km and reach depths of 0.45 s (Figs. 2 and 5).

The Barcelona paleo-drainage system is incised into the eastern side of the Barcelona
domain (Fig. 5). It consists of a unique, 30 km long valley oriented NE-SW, parallel to
the present-day coastline. It is limited by well-marked scarps and is incised in the
Barcelona half-graben (Figs 2 and 5). The transversal profile is irregular and U-shaped,
and the incision depth reaches 0.65 s. Width increases from about 8 km at the proximal



areas to more than 10 km at the distal reaches. The valley orientation changes to a
downslope direction at its distal part (Figures 5 and 8).

4.3. MSC depositional units

The limit of the MSC depositional units (detrital and evaporite deposits) has been
defined by completing the initial work of Maillard et al. (2006) using all new available
seismic information. The upslope limits of the detrital deposits, the Upper Unit (UU) and
the Mobile Unit (MU) in the Catalan continental margin and basin are shown in Figure
10. The detrital deposits are identified on the seismic profiles as wedge-shaped units
characterized by chaotic to transparent seismic facies (Fig. 10). They are generally
located downslope at the transition between the MSC deposits domain and the MES
domain. Basinwards they are bracketed by the BES and the TES, being therefore
coeval to the MSC deposits. The depth of the upslope limit of the detrital deposits
varies along the continental margin. In the Creus and Girona domains this limit occurs
at depths around 3 s TWTT, and it generally shallows southwards and locally at the
mouth of the valleys. Indeed, the distribution pattern of the detrital deposits shows a
preferential deposition off the major paleo-drainage systems. In the Barcelona domain,
the detrital deposits reach depths of 1.8 s TWTT and clear indentations exist in the
Palamoés and Blanes valleys and also between the E-W-oriented ridges at the foot of
the Girona domain slope (Fig. 10). On the basin, UU and MU represent the Messinian
deposition.

4.4. Plio-Quaternary sedimentary record

As a general trend, the thickness of Plio-Quaternary sediment increases basinwards.
There are practically no deposits at the coastal areas, on MES platforms, basement
highs and in the axis of the Palamés and Blanes canyons. The maximum values occur
(0.5 to 1 s) at the present-day shelf-edge (Fig. 11). Relatively thick deposits (up to 0.7
s) occur on the Creus and Barcelona paleo-drainage systems, as well as on the
tributaries of the major paleo-valleys. The thickness of Plio-Quaternary deposits
decreases slightly on the present-day continental slope and presents relatively
constant values in the basin (~0.5 s). Nevertheless, the Plio-Quaternary deposits
distribution is irregular along the three domains identified in the Catalan continental
margin. The Creus domain (Fig. 11), presents thin deposits (<0.35 s thick) at the
coastal areas and the Pals basement high while thickness increases abruptly in a
downslope direction. The main depocenter of the entire study area (1.5 s) occurs on
the present-day outer shelf off the Gulf of Rosas. Secondary depocenters occur on the
shelf-edge south of the basement high. Plio-Quaternary deposits fill the NW tributary of
the Palam@s paleo-drainage system (0.7 s thick depocenter) and the Creus drainage
system (up to 0.6 s), whose relief cannot be identified in the present-day bathymetry.
The infilling deposits consist of thick sediment wedges prograding in a SW to S
direction.

The Girona domain presents thin Plio-Quaternary deposits on the MSC platform (<0.25
S). The thickness increases abruptly on the present-day shelf-edge (up to 1 s) (Fig. 11).
The tributaries of the Palamés and Blanes paleo-drainage systems were also totally
infilled during the Plio-Quaternary, contrasting with those at the SE side of the Blanes
paleo-drainage system, which are identifiable on the present-day bathymetry. Two
major depocenters (1 s thick) occur at both sides of the two E-W-oriented basement
ridges at the foot of the slope.



The Barcelona domain presents the minimum thickness of Plio-Quaternary deposits
(less than 0.25 s) on the platform, while the major depocenters locate on the present-
day shelf-edge and upper slope (0.7 s), infilling the tributaries of the Blanes paleo-
drainage system (Fig. 11). The Barcelona paleo-drainage system and some of the
valleys on the present-day continental slope are also completely filled by these
deposits.

5. Discussion

5.1. Geological significance of the MES/TES in the Catalan continental margin

The physiography of the MES/TES shows a narrow continental shelf (3-25 km),
especially on the Cap de Creus domain, where the paleo-shelf-edge, represented by
the limit of the MSC platforms, is located more than 20 km landwards from its present-
day position (Fig. 5). The most important morphologic features characterizing the
MES/TES are the complex drainage systems that eroded the entire continental margin
during the Messinian crisis. Drainage systems show consistent differences from the
present-day ones in several aspects, including their location, their morphological
parameters and their connection to the onshore and distal drainage system.

Regarding their location, only some of the Messinian paleo-valleys can be identified on
the present-day seafloor (Figs. 1 and 5). This is the case of the major Palamés and
Blanes canyons and of some minor downslope-trending valleys located at the southern
part of the study area (Arenys and Besos canyons). They respectively correspond to
the major and minor present-day submarine canyons of the Catalan continental margin.
In contrast, the Creus and Barcelona paleo-drainage systems as well as most of the
tributaries have been totally infilled by Plio-Quaternary deposits (Figs. 1 and 5).

A comparison between the morphological parameters (e.g. width, depth and transversal
profile) of the paleo- and present day-valleys can be made for the Palamés Canyon
(Fig. 9). The paleo-canyon was wider and shallower (up to 27 km wide and 1.1 s deep)
than the present-day canyon, which is less than 18 km wide and 2.1 s deep. Both
paired and impaired terraces occur on the paleo-canyon walls. They are 3-4 km wide
and are identified at depths of 1 s TWTT. (Fig. 9b). Regarding the connection to
onshore drainage areas, it is only documented for the Cap de Creus and the Blanes
paleo-drainage systems. The Cap de Creus paleo-drainage system could be
connected to the Messinian NW-SE-oriented valley in the Alt Emporda area (Fig. 2;
Escuer and Fleta, 1991; Tassone et al., 1996). The downslope-trending valleys at the
south of the Barcelona domain could have been connected to the valleys identified
along the Besos and Llobregat rivers (Fig.2; Vicente i Castell, 1986; Ventanyol et al.,
2002). For the rest of the continental margin, the connection to onshore drainage areas
seems to be hindered by the Catalan Coastal Ranges (Fig. 2), which formed a
morphological barrier that limited the connections to the Mediterranean Sea. Regarding
the distal continuation of the paleo-drainage systems, most of them seem to lose their
relief as they reach the lower continental slope. With the available data, the Palamos
and Blanes paleo-canyons cannot be identified at depths greater than 2.5 s TWTT and
the downslope-trending valleys of the Barcelona domain show no relief at depths
greater than 2 s TWTT.



5.1.1. Subaerial origin of the paleo-drainage systems

The morphology of the paleo-drainage systems, including the dendritic pattern of the
drainage network and the rough character of the erosive surface with the presence of
mesa-like relief at the inter-valley areas (Figs. 6 to 8), suggests an origin related to
subaerial erosion as the result of the Messinian sea level drop (Barber et al., 1981; Lofi
et al, 2005). Rapid retrogressive erosion, in which tributaries form a dendritic pattern
draining the area between the major valleys, is suggested by the morphology of the
paleo-drainage systems (Glock, 1931). Terraces and badlands topography have also
been observed westward in the Ebro shelf and related to subaerial erosion (Stampfli
and Hocker, 1989; Frey-Martinez et al., 2004, Urgeles et al., 2010).

Subaerial margin erosion has also been documented by several studies all around the
Mediterranean, such as the Gulf of Lions (Clauzon, 1980, 1982; Guennoc et al., 2000;
Lofi et al., 2003, 2005; Loget et al., 2006; Bache et al., 2009), Italy (Rizzini and Dondi,
1978), the Nile margin (Rizzini et al., 1978; Barber, 1981; Ottes et al., 2008) and the
Ebro continental margin and Valencia Basin (Stampfli and Hocker, 1989; Escutia and
Maldonado, 1992; Frey Martinez et al., 2004; Maillard et al., 2006). In particular, the
badland Messinian surface identified on the Gulf of Lions, that presents the same
character as the MES/TES on the Catalan continental margin, is interpreted to have
developed subaerially in less than 0.3 Ma (Lofi et al., 2005) as the result of a
retrogressive cutting of gullies, mass wasting and avalanches, in a climate dominated
by intense, short rain storms (Chamley and Robert, 1980; Lofi et al., 2005).

5.1.2. The Messinian detrital deposits: relationship with the MES/TES and evaporite
deposits

In the Catalan continental margin the most proximal Messinian deposits correspond to
the detrital deposits, formed by sediment eroded from the shallow areas and
transported by the paleo-drainage systems (Fig. 10). The varying depth of the detrital
wedges (2-3 s TWTT) could be explained by a combination of different factors,
including variations on the nature of the sediment supply, the occurrence of slope
instability processes and local tectonic effects. Sediment eroded from different source
areas in the Catalan continental margin, from the basement on the northern part of the
margin to the Miocene-Oligocene sediment in the southern areas (Roca et al,
1999a,b), should be expected to undergo processes (i.e. erosion, transport, deposit)
with a different degree of efficiency, leading to variable localizations of final
sedimentary products. Slope instability processes favored by the deposition of
evaporites and slope tilting (Govers et al., 2009; Ryan, 2009) may also be responsible
for part of the detrital bodies, whereas the effect of tectonically-controlled mass
movements should not be neglected. In any case, the post-depositional effect of
differential subsidence must be taken into account as it changes the geometries after
deposition.

Detritals are therefore proposed to come from fluvial drainage and/or slope instability.
Basinwards, their precise relationship with the basin MSC deposits (LU, MU, UU) is
generally complex and controversial (Lofi and Berné 2008; Bache et al., 2009; Lofi et
al., 2010). In the Valencia Basin, it seems that most detritals are onlapped by the UU,
which would confirm that most of the erosion and deposition would have occurred
during an early stage of the MSC (Maillard and Mauffret, 2006; Bache, 2008; Bache et
al., 2009).
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5.1.3. Significance of the “rough-smooth boundary”

The boundary between the rough and smooth MES/TES (Fig. 10) is considered as the
equivalent to that identified by Bache et al. (2009) in the Gulf of Lions. Following their
interpretation, the smooth surface would correspond to a first stage of slow sea level
rise which progressively levels the Messinian subaerial erosion by wave ravinement
abrasion, while the rough surface would be the result of the subaerial erosion
preserved by a second stage of very rapid sea level rise at the end of the MSC. In the
Catalan continental margin, this limit is identified at 1.4-1.7 s TWTT, approximately the
same depth than in the Gulf of Lions (1.6 s TWTT). The high gradients of the MES and
probably the lithology of the ridge would prevent the development of an abrasion
surface around the eastern part of the E-W-oriented ridges at the Girona domain slope
(Fig. 5), which explains the absence of the rough-smooth boundary in this area. At the
area around the Palamés paleo-drainage system the rough-smooth boundary locates
at a slightly deeper position (up to 1.9 s TWTT). Differential vertical movements after
the MSC should be related to this fact, since the sea level variations should have
affected the entire study area in a similar way.

The smooth surface could be alternatively interpreted as the result of erosion during
periods of sea level stagnation along the general Messinian drawdown (as suggested
by Bertoni and Cartwright, 2007), and the morphological arguments to differentiate
between erosion during sealevel regression or transgression are not evident (Just et
al., 2011). However, the subaerial erosion following a stagnation period during the
regression would have further eroded the margin and transformed the smooth surface
to a continuous rough surface, therefore not preserving the smooth surface. The
position of the smooth surface landward (updip) of the detritals is another piece of
argument. In the Catalan margin, while erosion during regression must definitely have
happened, the preservation of the smooth surface suggests that a final erosion by
wave abrasion occurred during the early Zanclean flood, when sea level rise was
probably slower.

5.2. Factors controlling the MSC imprint on the Catalan margin

The MES/TES on the Catalan margin confirms the subaerial exposure of the margin
due to the drastic sea level fall during the Messinian event and the development of the
MES on the margin (Escutia and Maldonado, 1992; Frey-Martinez et al., 2004; Maillard
et al., 2006; Urgeles et al., 2010). Therefore, the sea level fall can be considered as the
major factor controlling the margin evolution during the MSC, since it was a unique
event affecting the entire region. This major factor was however modulated by the
structural framework, explaining the variations of the characteristics and features of the
MES/TES along the margin.

5.2.1. The Messinian sea level changes as the major regional factor

The MSC sea level fall has been estimated to be of around 1500 m (Ryan and Cita,
1978; Clauzon, 1980; 1982), and 1500-2000 m in the Valencia Basin (Stampfli and
Hocker, 1989; Maillard et al., 2006). The fact that Messinian valleys cannot be
identified on the distal margin (>2000 m) agrees with these maximum estimations,
however they should be corrected from post-depositional vertical movements. Figure
12 shows a schematic diagram of the sea level changes during the MSC and the
resultant erosion surfaces and deposits. During the MSC drawdown, subaerial erosion
on the margin and deposition of detrital wedges and/or evaporates occurred on the
slope. Relatively short events of drastic sea level drop could have punctuated the
general regressive tendency during the MSC, as suggested by the mesa-like relief
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delimiting the interfluves areas in the Cap de Creus domain (Fig. 6; Barber, 1981). The
sea level drop must have induced the over-excavation of the paleo-drainage systems
including the present-day onshore domain, as in the case of the Cap de Creus and
Blanes paleo-drainage systems and the downslope-trending valleys at the south of the
Barcelona domain. In addition, terraces identified on the paleo-canyons walls may
indicate single or multiple sea level stagnancies that could be related to periods when
the inflowing waters from the Atlantic kept the Western Mediterranean sea level
constant at the depth of the Sicily Sill and the starting water spilling to the Eastern
Mediterranean Basin (Just et al. 2010).

The Zanclean flooding would have occurred in at least two phases (Fig. 12), as
suggested by the smooth/rough erosive surfaces (Bache, 2008; Bache et al., 2009).
The first phase was characterized by a slow sea level rise responsible for the abrasion
surface at depths of 1.4-1.7 s TWTT. This major erosive event could also be
responsible for the erosion of the distal parts of the drainage systems, whose distal
connection to the basinal drainage network cannot be identified. Alternatively, the
absence of drainage features on the distal continental margin may be explained by a
change on the sediment transport processes at the foot of the slope, from a
channelized transport that developed complex drainage networks to a hon-channelized
transport that would spread the sediment charge on the basin. Assuming the 1500-
2000 m of sea level drop (Stampfli and Hocker, 1989; Maillard et al., 2006), the
channelized system would have consisted of subaerial rivers that would have
deposited their sediment charge in the form of shallow-water deposits (in deeper
areas). A second phase of rapid sea level rise allowed the preservation of the subaerial
rough MES (Fig. 12; Bache, 2008; Bache et al., 2009).

After the end of the MSC, the rise in base level induced changes in accommodation
space and sediment supply that led to the infilling of the Cap de Creus and Barcelona
paleo-drainage systems. The first one was fossilized during the Plio-Quaternary by the
sediment supply from the N-NE, as indicated by the thick prograding wedges that have
induced a seaward progradation of the continental shelf of more than 20 km (Fig. 6).
The sediment supply probably came directly from the Gulf of Lions through the Liguro-
Provencal current that follows the shelf edge to the west and southwest around Cap
Creus both for Surficial and Intermediate, Levantine waters (Millot, 1987). In the case
of the Barcelona system, the origin of the sediment is less clear from the seismic
profiles, but the general NE-SW direction of the current along the margin (Millot, 1999)
suggests a sediment supply from the NE.

5.2.2. Structural framework as the major local factor

The most important local factor is the structural framework, directly related to the North
Balearic fracture zone, which separates the NE-SW-oriented Girona and Barcelona
domains from the NW-SE-oriented Creus domain belonging to the Provencal Basin
(Mauffret et al., 1995). The Rosas graben and Pals high are located between this
fracture zone and the Central fracture zone off Barcelona (Fig. 2; Mauffret et al., 1995;
Maillard and Mauffret, 1999). Even if they were not active during the Messinian, and
despite the thickness of the Lower Miocene deposits (Roca et al., 1999b), the resulting
faults could have acted as inherited steps. The structural framework controlled the
erosional and depositional products of the MSC in different ways, determining: (1) the
location and preservation of the paleo-drainage systems, both offshore and onshore;
(2) the distribution of Messinian deposits; (3) the character of the erosional surface,
specifically with regard to the location of the rough-smouth surface bondary; and (4)
the rate of post-deposition subsidence.

Regarding the location of the major Messinian valleys, the major paleo-valleys show a
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close relationship with the structural features of the basement (Fig. 2). The Cap de
Creus paleo-drainage system was controlled by the NNW-SSE-oriented faults that
delimit the Riumors-Roses basin, at the NE side of the Pals high (Vazquez et al., 1993;
Tassone et al., 1996; Roca et al., 1999b). The Palamdés paleo-canyon was controlled
by the structure of the Begur basin, which determines its NW-SE trend (Vazquez et al.,
1993; Roca et al.,, 1999b) and the northern tributary of the Palamés paleo-drainage
system was related to the NNE-SSW faults system at the SW side of the Pals high.
The Blanes paleo-canyon was also incised on the basement depression between the
Malgrat high and the Calella half-graben and could be controlled by the arcuate NNW-
SSE-oriented normal fault at the east side of the basement platform and ridge on the
Girona domain (Maldonado et al., 1989; Maillard and Mauffret, 1999). The strong
structural control may be also responsible for the maintenance of the major Palamoés
and Blanes canyons through all the Pliocene-Quaternary, probably in relation to the
high-energy sediment transport during storms and cascading processes (Canals et al.,
2006). On land, the structural control exerted by the physiography of the Catalan
Coastal Ranges would also have determined the onshore extension of the paleo-
drainage systems, limiting the connections to the Gulf of Rosas and to narrow
passages that allowed the incision of the Besos and Llobregat paleo-rivers.

The location of the tributaries of the major paleo-drainage systems, and the entire
Barcelona paleo-drainage system may also be interpreted in relation to the structural
half-graben framework. In the Girona and Barcelona domains, the differential erodibility
between the basement platforms and the sediment infilling (consisting of alluvial and
lacustrine successions, marine shelf deposits or fan deltas, Roca et al., 1999a) could
have enhanced the effect of the meteoric rain in a graben-parallel direction, that is,
parallel to the coastline, with the incision of the Barcelona paleo-drainage system and
the tributaries of the Palamdés and Blanes paleo-drainage systems.

Regarding the distribution of the Messinian deposits, the E-W-oriented basement
ridges in the Girona domain slope seem to have acted as structural traps for the
sediment eroded from shallower areas, preventing the evacuation of sediment to the
deep basin. After the MSC, these ridges would have continued playing the same role,
since they record more than 1 s TWTT thick Plio-Quaternary deposits in between
ridges.

Slight differences in the location of the rough-smooth boundary on the Catalan margin
may be related to differential vertical movements after the MSC, as the extensional NE-
SW fracture playing during the Pliocene (Tassone et al., 1996) and the basinwards
tilting of the margin (Lofi et al., 2003, Rabineau et al., 2006, Ryan, 2009). The division
of the Valencia Basin by transfer fracture zones (Maillard and Mauffret, 1999) could
determine local different response to these vertical tectonic movements and explain the
distribution of Pliocene-Quaternary deposits (Fig. 11).

6. Summary and conclusions

The study of the MES/TES provides information about the significance of erosive and
depositional features, and the role of the Messinian sea level changes and the
structural framework as major controlling factors. The results of this study provide the
following conclusions:

- Based on the morphological and structural features on the MES/TES surface, three

domains have been differentiated: Creus, Girona and Barcelona domains, reflecting the
different geological controlling factors. The major morphological features are extensive
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drainage systems that eroded the entire Catalan margin.

- The Messinian sea level drop produced subaerial erosion of the margin and
deposition of detrital wedges on the slope and basin. The subaerial erosion excavated
two types of drainage systems: (1) Structurally-controlled valleys that were connected
to onshore drainage areas and have been preserved after the MSC. Only the Cap de
Creus paleo-drainage system has been later infilled by the high sediment supply from
the Gulf of Lions; and (2) Valleys excavated by meteoric rain into basins limited by
basement blocks. They have been infilled by the Plio-Quaternary deposition.

- The distribution of the MSC detrital deposits was controlled by the structural
framework, that determined both the nature of the sediment supply and the efficiency of
the sediment transport, the reworking of deposits and the development of structural
traps for the deposition of the eroded sediment.

- This study seems to confirm the Zanclean transgression occurring in two phases
(Bache, 2008; Bache et al., 2009). During the first phase, the sea level rose relatively
slowly and as a result of wave abrasion a smooth erosive surface developed on the
margin. The second phase consisted on a rapid sea level rise that preserved the MSC
features.

This work reveals the potential of the available industrial and scientific seismic profiles
for the re-interpretation of regional or local geologic topics with the aid of modern
software. Nevertheless, new high-resolution seismic data, especially on the slope area,
are required in order to better define the precise timing of the MSC events. Regarding
the chronology of the drainage systems within the Messinian crisis, two points need to
be clarified: the volume of detrital deposits on the Valencia Basin and the volume of
sediment eroded both onshore and offshore. This information will allow establishing the
age of detrital products and to constrain an exact scenario for the MSC. Another
question that should be clarified concerns the distal part of the drainage systems,
regarding the connection of the paleo-valleys to the deep sediment transport and the
processes involved in their formation.
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Figures

Figure 1. Study area. a) Location and bathymetry of the Catalan margin, NW
Mediterranean. b) Bathymetric chart of the study area, limited to the north by the Cap
de Creus, by the Foix Canyon to the south, and opened to the deep Provencal Basin.
The major submarine canyons are represented, from North to south: AC: Aude Canyon;
CC: Creus Canyon; PC: Palamés Canyon; BC: Blanes Canyon; ArC: Arenys Canyon;
BeC: Besos Canyon; LBC: La Berenguera Canyon; FC: Foix Canyon.
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Figure 2. Structural framework of the Catalan margin. The major structural onshore and
offshore features, as well as the basement isochrones, are represented. All the
features represented in the map have been obtained from a bibliographic review.
Legend: HG: Half-Graben; H: High.
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Figure 3. Synthesis of the MSC record in the Valencia Basin. MES/TES isobaths are in
metres. The Messinian event is recorded in the form of erosive (Messinian valleys and
erosional surfaces, MES and BES) and depositional (detrital bodies and evaporites)
features. Volcanism and salt diapirs are common features in the area. Modified from
Maillard et al. (2006) and Bache et al. (2009) for the Gulf of Lions
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Figure 4. Methodology and dataset. a) Seismic profiles database analysed in this work,
including information from the SIGEOF database (IGME) and data from research
cruises. b) Examples of seismic profiles showing the criteria for the identification of the
MES/TES.
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Figure 5. MES/TES isochrone (greyscale) and main morphological features identified
on the Catalan margin. The area has been divided into the Creus, Girona and
Barcelona domains (from north to south) based on the characteristics of the MES/TES.
PDS: Paleo-drainage System.
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Figure 6. The Creus domain is the northernmost domain of the study area, limited to
the south by the Palamés paleo-drainage system (PDS). a) Bathymetry of the
MES/TES and location of the seismic profiles (see legend in Figure 5). b) to d) Seismic
profiles showing the MES/TES, which coincides in many cases with the basement.
White arrows mark the progradation of the Plio-Quaternary sediments on the
MES/TES. Figure 6d shows the mesa-like reliefs on the Creus PDS.
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Figure 7. The Girona domain is limited by the Palamo6s PDS to the north and by the
Blanes PDS to the south. a) Bathymetry of the MES/TES and location of the seismic
profiles (see legend in Figure 5). b) and c) Seismic profiles showing the MES/TES and
the basement. This domain is characterized by a wide and flat MCS platform.
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Figure 8. The Barcelona domain locates at the southern part of the study area, limited
to the north by the Blanes PDS. a) Bathymetry of the MES/TES and location of seismic
profiles (see legend in Figure 5). b), ¢) Seismic profiles showing the MES/TES and the
basement. The MCS platform is cut by the Barcelona paleo-drainage system
(Barcelona PDS).
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Figure 9. The Palamés present-day- and paleo-canyon. a) Bathymetry of the present-
day (isobaths in m) and paleo-canyon (isobaths in ms). b) Seismic profiles showing the
present-day and paleo-tranversal profile.
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Figure 10. MSC erosional and depositional features. a) Map showing the rough-smooth
boundary for the MES/TES, the upper limit of the detrital deposits and the distribution
of the Upper and Mobile Units. b) Seismic profile showing the Messinian erosional

surfaces (MES, TES, BES) and depositional units in the Valencia Basin.
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Figure 11. Isopachs of the Plio-Quaternary deposits (in ms TWTT) on the Catalan
Margin, showing their uneven distribution. The present-day shelf-edge is marked for

reference.
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Figure 12. Schematic diagram of the sea level changes during the MSC and the

resulting rough and smooth erosion surfaces and deposits on the continental shelf and
slope.
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