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ABSTRACT 

SEDIMENTARY PROCESSES AND RESULTING CONTINENTAL MARGIN 

CONFIGURATION DURING LARGE-SCALE SEA-LEVEL DRAWDOWN: THE 

MESSINIAN SALINITY CRISIS IN THE WESTERN MEDITERRANEAN SEA 

by Alejandra Lago Cameselle 

The Messinian Salinity Crisis (MSC) represents one of the major environmental 

changes in the recent geological history of the Earth. During this event (5.97-5.33 Ma, Late 

Miocene), the Mediterranean Sea went into a nearly complete desiccation and more than 1 

million km3 of evaporite deposits accumulated in the Mediterranean basins. Despite the 

increasing knowledge over the last 40 years, several controversies concerning the mechanisms 

and timing of the MSC remain currently under discussion. 

This Thesis is devoted to contribute towards an improved understanding of the MSC 

from the analysis of the offshore sedimentary record and the investigation of the sedimentary 

processes and resulting continental margin configuration in response to the large-scale 

Messinian sea-level drawdown. With this goal, a complete picture of the processes and 

interactions of the MSC in an intermediate-water basin as the Valencia Trough (Western 

Mediterranean) has been studied from the combined analysis of 3D seismic data from the 

continental shelf, 2D regional multichannel seismic data from the continental margin to the 

deepwater basin and 2D numerical modeling of the Mediterranean continental margins. 

Using 3D seismic reflection data acquired along the Ebro margin, this Thesis provides 

new insights into the origin of the step-like profile of the Margin Erosional Surface (MES) 

and timing of the capture of the subaerial Ebro Basin. The results obtained indicate a 

sedimentary-active continental slope and delta progradation during Middle-Late Miocene, in a 
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normal regressive context associated to a pre-Messinian proto-Ebro River. The mature 

development attained by the Messinian Ebro River network during the MSC corroborates that 

the capture of the Ebro Basin occurred prior to the MSC. The configuration of the clinoforms 

below the MES suggests that deltaic sediments of the Messinian paleo-Ebro River deposited 

during the Tortonian and initial Messinian sea-level drawdown. The MES formed at the top of 

the Tortonian Highstand, where a fluvial network was deeply carved, and in the topset region 

of the Messinian Falling Stage Systems Tract, where minor erosion occurred. Fluvial deposits 

are outstandingly preserved on the main valleys of the MES. Therefore, the step-like profile of 

the MES was not created during Zanclean inundation, but during the latest stages of the main 

Messinian sea-level fall and lowstand. 

Large-scale, detailed mapping of the Messinian seismic markers and examination of 

their geometrical relationships from 2D seismic profiles and well data have revealed the 

existence of two Messinian depositional units in intermediate basins (Complex Unit and 

Upper Unit) and main Messinian erosional surfaces (MES, Bottom Surface, Top Surface and 

Intermediate Surface). Results show that the initial large-scale sea-level drawdown and 

exposure of the shelf and upper slope of the Valencia margin – probably in combination with 

local factors – induced large-scale destabilization of the continental slope and deposition of 

major Mass-transport Deposits (MTD) at the base-of-slope. As sea level continued to drop, 

the MES attained full development on the margins and the MTDs were partially eroded. At 

the same time, a submarine drainage network (paleo-Valencia channel) formed in the 

deepwater Valencia Trough. The Persistent lowstand and restrictive conditions in the area 

resulted in deposition of the evaporites that form the Upper Unit in the SW Valencia Trough. 

By Finite Element Modelling (FEM), the response of the Messinian continental margin 

during the large-scale sea-level drawdown was analyzed. Coupled transient seepage and 

deformation analysis, together with stability analysis, suggests that a decrease in hydrostatic 

pore pressures occurs and both seepage and stress-induced excess pore pressures develop. The 

resulting overpressure distribution caused a decrease of the stability of the margins soon after 

the sea level goes down the shelf-break. This timing agrees with the early Messinian 

deposition of the Complex Unit obtained from the seismic stratigraphic analysis of the 2D 

seismic survey. The sensitivity analysis of the parameter space evidences that the combined 
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action of the Messinian sea-level drawdown with other preconditioning factors or triggers –

directly related or not with the MSC – could lead to decreased resistance of the sediment to 

sliding and to final failure. 

Finally, from the combined analysis of the results obtained for the three datasets 

analyzed and previously described, a refined stratigraphic framework for the MSC is 

proposed: 1) During the Miocene and until late Tortonian, the Mediterranean passive margins 

were characterized by prograding depositional sequences in the context of a Highstand System 

Tract. 2) During late Messinian, the large-scale sea-level drawdown resulted in the initial 

development of a Falling Stage System Tract. The shelf and upper slope of the Mediterranean 

continental margins were subaerially exposed, the depocenters displaced offshore, the major 

Mediterranean rivers began to incise to adapt to the new base level, and the high sediment 

supply contributed to the development of submarine channels. Additionally, in some areas, the 

combined action of the sea-level drawdown and other preconditioning or triggering factors led 

to large-scale catastrophic slope-failures and deposition of the Complex Unit at the lower 

slope and rise of the Messinian margins. 3) The gradually slowing down of the sea-level fall 

allowed the development of a smooth surface at the top of the Lowstand System Tract, 

whereas the long-time exposure of the proximal shelf and upper slope resulted in the shaping 

of a rough erosional surface deeply carved by fluvial networks and channel systems.4) A 

relatively slow transgressive phase prior to the final rapid re-flooding, together with high 

evaporation rate, favored aggradational geometry of the Upper Unit in a shallow-water basin. 

5) At the end of the MSC, the reestablishment of the Mediterranean-Atlantic connection 

triggered the rapid sea-level rise and the return to fully and stable marine conditions. 
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Scope and Organization of this Thesis 

Motivation and General Objectives 

The Messinian Salinity Crisis (MSC) – also referred as the Messinian Event –

represents one of the major environmental changes in the recent geological history of the 

Earth. During this extraordinary event, which lasted only a fraction of a million years (~640 

kyr; from 5.97 to 5.33 Ma, Late Miocene) [Krijgsman et al., 1999b; Manzi et al., 2013], the 

Mediterranean Sea went into a nearly complete desiccation and about 5% of the dissolved salt 

of the world’s oceans accumulated to form a deposit more than 1 million km3 in the 

Mediterranean basins. Following the scientific results obtained during the DSDP Leg XIII in 

1970 [Hsü et al., 1973b; Ryan et al., 1973], and the subsequent acceptance of the Messinian 

Event by the international scientific community, the related changes on the chemistry, 

hydrography, geology or ecology of a huge area surrounding the Mediterranean have 

stimulated numerous interdisciplinary research projects. 

Nowadays, it is widely accepted that the transformation of the Mediterranean Sea into a 

giant saline basin resulted from a complex combination of climatic, tectonic and sedimentary 

dynamic factors that entailed the progressive restriction and, likely, final closure of the 

Mediterranean-Atlantic gateway [Ryan et al., 1973; Hsü et al., 1973a; Butler et al., 1995; 

Hilgen et al., 1995, 2007; Clauzon et al., 1996; Krijgsman et al., 1999a; CIESM, 2008; 

Govers, 2009; García-Castellanos & Villaseñor, 2011; Ryan, 2011]. Without a connection to 

the global ocean – or with one highly diminished –, the Mediterranean Sea became water-

deficient, since precipitation and river input did not compensate for the evaporation rate 

[Meijer & Krijgsman, 2005; Hilgen et al., 2007]. As a result, the Mediterranean sea level 

dropped drastically [Vai, 1997; Krijgsman et al., 1999b; c, 2002; Van Couvering et al., 2000; 

Hilgen et al., 2007; CIESM, 2008; Manzi et al., 2013]. 

Despite the increasing knowledge over the last 40 years, several controversies 

concerning the mechanisms and timing of the Messinian Event remain currently under 

discussion [Rouchy & Caruso, 2006; CIESM, 2008; Ryan, 2009; Roveri et al., 2014]. Most 

disagreements stem from the fact that, even if the majority of the MSC sedimentary record is 



Motivation and General Objectives 

4 

preserved below the present-day Mediterranean seafloor, most of the works and advances 

dealing with the Messinian Event are based on onshore Messinian successions now 

outcropping in the peri-Mediterranean areas [Krijgsman et al., 1999b; Roveri et al., 2001, 

2008b; c; Manzi et al., 2007, 2013]. Because these marginal basins became soon disconnected 

from the deepwater basin and/or were deeply eroded during the Messinian sea-level 

drawdown, they contain incomplete Messinian records or are not coeval with the complete 

deep-basin succession [Clauzon et al., 1996; CIESM, 2008; Lofi et al., 2011a]. Additionally, 

the currently physical disconnection between the onshore and offshore successions enhances 

the difficulties in constraining the chronology and causes of the successive phases of the MSC 

[Manzi et al., 2005; Rouchy & Caruso, 2006; CIESM, 2008; Ryan, 2009]. In this respect, a 

large number of international programs and great scientific efforts have been focused recently 

on the study of the offshore Messinian sedimentary succession, which probably represents the 

only way to unravel the sedimentary history, stratigraphy, biosphere and fluid dynamics of the 

Mediterranean Sea during the Messinian Event. 

In light of the above, the main objective of this Thesis is to contribute towards an 

improved understanding of the Messinian Event from the analysis of the MSC offshore 

sedimentary record and the investigation of the sedimentary processes and resulting 

continental margin configuration in response to the large-scale Messinian sea-level 

drawdown. With this goal, this Thesis has been conceived as a multidisciplinary project that 

combines tools that are the state-of-the-art in geophysical investigation and 2D numerical 

modelling. From the  interpretation of two multichannel seismic datasets acquired in different 

areas of the Valencia Trough (Western Mediterranean) and the stratigraphic information from 

11 industrial (Figure 0.1), the study of the complete transition from the Messinian subaerial 

system to the deepwater basin have provided a multiscale approach to the MSC problem. The 

choice of the Valencia Trough as an ideal place to study the Messinian Event stems from the 

combination of the following characteristics of the basin: 

 The Valencia Trough was formed during late Oligocene–early Miocene opening of 

the Western Mediterranean [Soler et al., 1983; Mauffret et al., 1995; Maillard & 

Mauffret, 1999; Roca et al., 1999], so the original morphology of Messinian sequence 

(late Miocene in age) is not significantly overprinted by subsequent deformation. 
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 As the continental-margin morphology of the basin was already well developed 

during the Messinian, the area allows to study the different features that characterize 

the Messinian Event from the continental shelf (subaerial erosion surfaces and 

stepped-like profiles) to the deepwater basin (deposition of evaporite units and clastic 

deposits). 

Figure 0.1. Present-day extend of the MSC markers in the Valencia Trough area (Western 
Mediterranean Sea, see inset for location).Seismic datasets used in this Thesis are located: a) Red 
rectangle represents the area covered by the Ebro Delta 3D seismic data volume; b) black lines 
represent the multichannel seismic profiles from the SGV01 project.. Red circles and corresponding 
numbers indicate the location of available industry wells [Lanaja, 1987] used to assist seismic 
interpretation. Red dashed line marks the present-day Valencia channel as observed from bathymetry. 
Major tectonic lineaments including thrust, normal faults and Neogene offshore basins are indicated 



Motivation and General Objectives 

6 

[after Roca & Guimerà, 1992; Perea et al., 2012; Maillard & Mauffret, 2013]. The upslope limit of the 
Messinian evaporites (limit MES-BES, in orange) and salt (yellow) previously described in the area are 
plotted [Maillard et al., 2006a]. Color scale is in meters below sea level (mbsl). 

 The existence of a large Messinian drainage network corresponding to the paleo-Ebro 

River [Urgeles et al., 2011] offers the opportunity to study one of the main features 

traditionally described associated to the MSC: the incision of the main Mediterranean 

rivers as response to the main Messinian sea-level drawdown. 

 The gentle gradient of the basin floor favors the record of the smallest sea-level 

variations during the lowstand period compared to other Mediterranean areas 

[Maillard et al., 2006a]. 

Further analysis of the Messinian continental margin configuration has been addressed 

from the different approach of the 2D numerical modelling. By performing coupled transient 

seepage and deformation analysis, together with the stability analysis, using the 2D finite 

elements software PLAXIS-2D© [Plaxis bv, 2015], the large-scale Messinian sea-level 

drawdown has been recreated. This methodology provides a new framework to analyze and 

put some constraints on the characteristics (amplitude and duration) of the Messinian sea-level 

drawdown. 

Apart from the scientific interest of unravel the history of MSC itself, salt-bearing 

sedimentary basins – or salt giants – represent science frontiers for a diverse range of 

challenging research. Evaporites constitute the sedimentary infill in many ancient evaporite 

basins (Figure 0.2), such as the Delaware Basin of West Texas or the Zechstein Basin of 

Europe [Kendall, 1992], and several seismic studies provided strong evidence that salt 

accumulation in the deeper parts of the basin have a significant impact on evolution of the 

hosting basin. Some examples of the associated processes are: 1) The formation of complex 

traps for hydrocarbon or metals; 2) The lateral salt-flow causing subaerial or submarine slides; 

3) The salt intrusive bodies (diapirs) as potential waste repositories; or 4) The interaction of 

fluids and salt causing sub-erosion and subsequent surface collapses with potential impact on 

civil infrastructures [Bertoni & Cartwright, 2006; Netzeband et al., 2006; CIESM, 2008]. 

Moreover, because of the sealing capacity of salt rock, the recurrent association with 

structural traps for hydrocarbon fluids, and the perturbations to in situ stresses associated with 
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salt bodies, these salt giants are commonly the focus of applied research by the petroleum 

industry (Figure 0.2). 

Figure 0.2. Salt 
basins around the 
world. Many salt 
basins comprise 
some of the most 
productive and 
prospective oil and 
gas provinces. 
Extracted from 
Smith [2008].

Despite their global occurrence (Figure 0.2) and general importance within the global 

Earth system, no complete stratigraphic record through an un-deformed salt giant has been 

recovered at present. Subsequently, there is a significant lack of knowledge about the factors 

controlling the sedimentary processes during large basin desiccation, the early evolution of the 

basin, the impact of thick salt deposition on the isostatic response of continental margins, sub-

salt deformation or the resulting massive resedimentation processes. In this context, the 

Mediterranean basin represents a natural laboratory to understand the sedimentary history, 

stratigraphy, biosphere and fluid dynamics of a salt giant in a state close to its original 

depositional configuration. 
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Specific Aims of this Thesis 

In order to achieve the general goals described in the previous section, the following 

specific objectives have been defined in the framework of this Thesis: 

1. To provide new insights into the sedimentary processes and geomorphological 

evolution of the Mediterranean margins in response to the MSC sea-level changes: 

 Put constrains on the genetic mechanisms and phases that led to the formation 

of the step-like profile described in the Ebro Margin and elsewhere in the 

Mediterranean during the MSC. 

 Determine the stage and timing of development of the prograding clinoforms 

just below the main Messinian Erosion Surface (MES) in a stratigraphic 

context. 

 Provide new insights into the relationship between the development of the 

paleo-Ebro River and the Messinian sea-level drawdown. 

2. To detail the sequence of events related to the MSC and the timing of the Messinian 

markers in the Western Mediterranean:

 Provide a geometrical characterization of the offshore MSC seismic markers 

(i.e. surfaces and depositional units) and their variability at the basin scale. 

 Improve our understanding of the transitional zone between the margins and 

the deepwater Messinian succession from the stratigraphic relationship 

between the Complex Unit and the other Messinian markers. 

 Identify the factors and processes controlling the deposition of the Messinian 

depositional units offshore. 

 Constrain the timing of the MSC events in the offshore domain. 

3. To analyze the response of the Mediterranean continental margins during the large-

scale Messinian sea-level drawdown: 



Scope and Organization of this Thesis 

9 

 Improve our knowledge on the processes that govern the stability of the 

Messinian continental margin in response to the large-scale Messinian sea-

level drawdown. 

 Constrain the role of the large-scale Messinian sea-level drawdown on the 

deposition of the Messinian Complex Unit. 
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Outline of the Thesis 

This Thesis has been structured in seven Chapters. The first Chapter introduces an 

updated summary of the main progress currently achieved of the Messinian Salinity Crisis in 

the context of the Mediterranean Sea, including the main concepts and terminology. Chapter 2

introduces the geological setting of the Valencia Trough and provides an overview of the 

state-of-the-art of the Messinian Event in the study area. Chapter 3 describes the methodology 

used and the techniques followed to conduct the research of this Thesis. 

In Chapter 4, the seismic stratigraphy of the Ebro continental margin is examined in 

order to constrain the genetic mechanisms and phases that control the sedimentary processes 

and geomorphological evolution of the Mediterranean margins in response to the MSC sea-

level changes. This Chapter also analyzes the stratigraphic results on the context of the timing 

of the capture of the adjacent Ebro Basin and discusses their possible relation to the Messinian 

Event.  

The aim of Chapter 5 is put some constrains on the sequence of events of the MSC 

from the geometrical characterization of the offshore MSC seismic markers and their 

variability at the basin scale. Especial emphasis has been placed on the analysis of the 

depositional units observed at the base of the Messinian continental slopes as they represents a 

link between the Messinian eroded continental margins and the deepwater deposits. 

Chapter 6 provides a different approach to the study of the geomorphological evolution 

of the Mediterranean margins from 2D numerical modelling. The aim of this Chapter is to put 

some constrains on the amplitude and duration of the large-scale Messinian sea-level 

drawdown from the analysis of the stability of the Messinian continental margins during the 

sea-level drop. Finally, Chapter 7 summarizes the main conclusions of this Thesis and 

suggests some research lines for the near future. 



Chapter 1 
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Chapter 1. Introduction 

This Chapter introduces the geological event known as Messinian Salinity Crisis

(MSC), which is the main topic of this Thesis. An updated summary of the state-of-the-art is 

presented and the general Messinian concepts and terminology are described. 

1.1. The Messinian Salinity Crisis in the Mediterranean Sea: First 
Evidence and Controversies 

Around 6 Ma (end of the Miocene), the progressive closure of the Mediterranean-

Atlantic connection entailed the isolation – or strong restriction – of the water input of the 

world’s ocean to the Mediterranean Sea. Without this connection, the Mediterranean basin 

became water deficient and almost dried out [CIESM, 2008 and references therein]. In only a 

fraction of one million years (5.97 – 5.33 Ma; CIESM [2008]), the sea level dropped ~ 1500 

m and more than 1 km3 in volume of evaporites deposited in the Mediterranean basins (Figure 

1.1) [Hsü et al., 1973a; Ryan et al., 1973; CIESM, 2008 and references herein]. This 

extraordinary event, named the Messinian Salinity Crisis entailed deep morphological and 

sedimentological changes in the Mediterranean basin and surrounding areas through the latter 

part of the Messinian age of the Miocene Epoch [CIESM, 2008]. The end of the MSC is 

marked by the Zanclean flood, when the Atlantic-Mediterranean gateway was reopened and 

the marine conditions were completely reestablished. 

It was already in the 19th century that Karl Mayer-Eymar [1867], a Swiss geologist and 

paleontologist, identified from outcrops an evaporite sequence deposited at the end of the 

Miocene Epoch. He named that period Messinian after the Sicilian town of Messina (Italy), 

were the deposits were observed. One century later, Selli [1954] described a widespread 

development of hyper- and hyposaline environments coevally all around the Mediterranean at 

the end of the Miocene (Figure 1.1), and introduced the concept of a pan-Mediterranean “crisi 

di salinità” (i.e., Salinity Crisis; [Selli, 1960]). 
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Figure 1.1. Distribution of Messinian evaporites and location of the Deep Sea Drilling Project (DSDP) 
and Ocean Drilling Program (ODP) boreholes that recovered Messinian deposits. After Rouchy and 
Caruso [2006], Manzi et al. [2012] and Roveri et al. [2014]. 

From a different geological setting, pioneer field studies in France described a huge 

incision in the Rhône River valley at the end of the Miocene [Fontannes, 1882; Depéret, 

1893]. This 1 km deep incision of the fluvial network extending more than 300 km inland was 

for the first time associated, by Denizot [1952], to a “regression of the sea at the end of the 

Miocene… the Mediterranean at that moment completely isolated … here was a drop in sea 

level”. Similar deep fluvial incisions were also described in Egypt [Chumakov, 1973b], or in 

Libya [Barr & Walker, 1973]. 

It was in the 1960s that the development of seismic reflection techniques and increasing 

offshore exploration showed evidence of an offshore salt layer up to 2 km thick, an erosional 

surface on basin margins, and a deep basin trilogy of seismic units bounded at the top by a 

series of strong reflectors (so-called M-reflector) [Alinat & Cousteau, 1962; Glangeaud et al., 

1966; Ryan et al., 1966, 1971; Mauffret, 1970; Montadert et al., 1970; Auzende et al., 1971]. 

These studies laterally extended the M-reflector up to the ~1500 m depth contour of the 

present sea and correlated the deepwater deposits with the onshore evaporitic units, suggesting 

that one single process was responsible for their development. 
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The true magnitude of the Messinian environmental changes was fully realized when 

the Leg XIII of the Deep Sea Drilling Project (DSDP) expedition drilled in the Mediterranean 

[Ryan et al., 1973] (Figure 1.1), recovered cores from the top of the evaporite unit in the deep 

basins, and confirmed the age and nature of the MSC [Hsü et al., 1973a, 1977; Ryan et al., 

1973; Hsü, 1983]. Following the initial drilling, the debate focused on the origin of the 

evaporites and on the deep- or shallow-water nature of the Mediterranean basin during the 

Messinian Event. In this regard, three models were soon proposed: 

 The deep-water, deep basin model [Schmalz, 1969], suggested that salts and 

deepwater facies accumulated on a deepwater Mediterranean basin, which received 

constant inflow from the Atlantic. 

 The shallow-water, shallow basin model [Nesteroff, 1973], advocated for the 

existence of a shallow-water Mediterranean basin (200–500 m water depth) before the 

MSC, that would subsequently deepened due to vertical tectonic movements during 

the Pliocene. 

 The desiccated, deep basin model [Hsü et al., 1973a; b; Hsü, 1983], suggested the 

desiccation of a deep Mediterranean basin isolated from the Atlantic Ocean (Figure 

1.2). In this context, an evaporative drawdown of thousands of meters caused 

subaerial exposure of the margins while thick evaporite deposits precipitated from 

playas or salt lakes. 

The first model of deep-water, deep basin was soon disapproved it did not account for 

the widespread, simultaneous erosion of the Mediterranean continental margins [Ryan, 1978; 

Ryan & Cita, 1978]. The second model (shallow water, shallow-basin model) was ruled out 

considering the large-age difference between the basins forming the Mediterranean region and 

was especially disproved by the recovery of deep-water sediments below (Middle Miocene 

open marine facies, Site 129, Eastern Mediterranean), within and above the basinal evaporites 

[Hsü et al., 1973a; b; Ryan, 1976]. It was finally the desiccated, deep basin model proposed 

by Hsü and co-workers [Hsü et al., 1973a; b; Hsü, 1983] that provided a plausible explanation 

for all the observed geological features and became the paradigm for the MSC (Figure 1.2). 

The decisive argument supporting this hypothesis came from the previous studies reporting 
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the evidence of Late Miocene coeval rejuvenation of many Mediterranean rivers flowing 

down to the abyssal plain [Denizot, 1952; Chumakov, 1973b; Ryan, 1978; Barber, 1981; 

Clauzon, 1982]. 

Figure 1.2. Conceptual cartoon representing the evaporative net balance of the Mediterranean region 
during the MSC [Bertotti, 2014]. 

Soon after its proposal, the desiccated, deep basin model has been widely accepted and 

the “new” subject of debate became the synchronous or diachronous onset of evaporite 

deposition in marginal and deep basins. The hypothesis of diachronous evaporite precipitation 

was first introduced by Rouchy [1981] and further elaborated by Rouchy and Saint Martin 

[1992]. In this scenario, evaporite deposition started in the shallowest basins (marginal 

basins) and migrated progressively into the deep basins throughout more than one phase of 

desiccation (Figure 1.3) [Clauzon et al., 1996]. Other studies based on magnetostratigraphic 

data [Butler et al., 1995] or on the sedimentary record of the Betic Cordillera (SE Spain; 

Riding et al., 1998) also suggested that the evaporite deposition in each subbasin was 

triggered diachronously. 
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Figure 1.3. Cartoon of 
two-step development 
of the MSC proposed 
by Clauzon et al. 
[1996]. 

The alternative synchronous scenario – introduced by Gautier et al. [1994] – suggests a 

deposition of the first evaporites in all the basins before the major phase of erosion and was 

based on magnetostratigraphic data. Some years later, the first detailed cyclostratigraphic 

studies showed – at the resolution of a precessional cycle – that the evaporite deposition in the 

Sicilian, Spanish, Greek and Cypriot subbasins took place at approximately the same age of 

5.96 ± 0.02 Ma [Hilgen & Krijgsman, 1999; Krijgsman et al., 1999b; c, 2002]. The coeval 

nature of the onset of the MSC in the Mediterranean has been settled. 
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1.2. Messinian Chronostratigraphy and Terminology 

Since the discover of the Messinian evaporite deposits under the Mediterranean Sea 

[Hsü et al., 1973b; Ryan et al., 1973], many efforts have been devoted to define an unifying 

scenario for the MSC [Rouchy & Caruso, 2006; Ryan, 2009; Roveri et al., 2014]. A near-

agreement was reached during the CIESM workshop monograph [2008] on a two-stage 

(Stages-1, 2.1 and 2.2) development of the MSC (Figure 1.4). The model, adapted from the 

desiccated, deep basin model of Hsü et al. [1973b] and from the two-step model proposed by 

Clauzon et al. [1996] (Figure 1.3), was mainly based on data from outcrops in Sicily and 

Northern Apennines, although some insights from offshore studies were included. Changes 

and updates in later publications have proposed renumbering the original stages as: Stages-1, 

2 and 3 [Roveri et al., 2009; Manzi et al., 2012, 2013] (Figure 1.4). This Thesis follows the 

latter numbering scheme. 

Figure 1.4. Distribution of Messinian subbasins in the Mediterranean and their corresponding 
Messinian stratigraphic units based on water-depth and present-day onshore/offshore location of the 
subbasins. Marginal basins, shallow-water (0–200 m) basins only represented onshore; Intermediate 
subbasins (300–1000 m), occur in both onshore and offshore settings; Deep subbasins (>1000 m) are 
found only in the offshore domain. Note that all the subbasins are physically disconnected. Onshore 
MSC stratigraphic units based on CIESM consensus report [2008] and modified after Manzi et al. 
[2013]: PLG, Primary Lower Gypsum; RLG, Resedimented Lower Gypsum; H, Halite; UG, Upper 
Gypsum; LM, Lago Mare; MES, Messinian Erosion Surface; M/P, Miocene-Pliocene boundary. 
Offshore MSC stratigraphic units and surfaces after Lofi et al. [2011b]: LU, Lower Unit; MU, Mobile 
Unit; UU, Upper unit; CU, Complex Unit; MES, Margin Erosion Surface; BES/BS, Basal (Erosion) 
Surface; TES/TS, Top (Erosion) Surface. Modified from Roveri et al. [2014].
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1.2.1. Pre-conditioning Phase of the MSC (7.251 – 5.97 Ma) 

Traditionally, the onset of the MSC has been placed at the base of the first evaporite 

deposition in the marginal basins; however, the changes in water chemistry and deterioration 

of paleoenvironmental conditions in the Mediterranean occurred progressively and parallel to 

the gradual restriction of the Atlantic-Mediterranean gateway. The first conspicuous 

environmental change is marked by the appearance of Globorotalia conomiozea [Selli, 1960], 

now dated at 7.25 Ma [Hilgen et al., 2000]. Some authors propose that a 400-kyr orbital cycle 

forcing – superimposed on the commonly described tectonic uplift in the gateway area 

[Duggen et al., 2003; García-Castellanos & Villaseñor, 2011] – would play a critical role in 

the onset of the MSC [Krijgsman et al., 1999b; Hilgen et al., 2007]. 

1.2.2. Stage-1 – Onset and First Evaporitic Stage (5.97 – 5.60 Ma) 

During early Messinian, the increasing restriction of Atlantic-Mediterranean connection 

led to a combination of limited deep-water outflow, relatively homogeneous inflow, and 

significant contribution of continental waters [Lugli et al., 2010]. These changes in the 

hydrologic balance and circulation pattern resulted in the transition to an evaporitic period 

characterized by limited regression of the Mediterranean sea level, increasing salinity of the 

waters, and precipitation of primary evaporitic products in shallow-water (~200 m) marginal 

basins (Figure 1.4). 

Integrated high-resolution cyclo-, bio- and magnetostratigraphic studies of pre-

evaporite successions have defined the onset of the Stage-1 – and therefore the onset of the 

MSC – at 5.97 Ma, coinciding with the base of the first Messinian evaporite deposits (termed 

Primary Lower Gypsum) deposited only in marginal basins (Figure 1.4) [Krijgsman et al., 

1999b, 2002; Manzi et al., 2013]. Studies from the Sorbas basin of SE Spain and the Vena del 

Gesso basin of NE Italy described the Primary Lower Gypsum as formed by up to 16 beds of 

massive, bottom-grown selenite, 1–35 meter thick layers alternating with thinner shale beds 

(Figure 1.5) [Vai, 1988, 1997; Krijgsman et al., 2001; Roveri et al., 2008b; c; Lugli et al., 

2010]. This cyclicity has been related to precession-driven climatic changes and have allowed 

dating the top of the unit at 5.60 Ma [Krijgsman et al., 1999c]. 
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Figure 1.5. Panoramic view of the Gessoso-solfifera Formation in the central Vena del Gesso basin (NE 
Italy). Gypsum beds are cut by small normal faults leading to the lateral juxtaposition of upper, thinner 
cycles and lower, thicker ones. From Roveri et al. [2003]. 

1.2.3. Stage-2 – The acme of the MSC (5.60 – 5.55 Ma) 

From 5.6 Ma [Vai, 1997; Krijgsman et al., 1999b; Hilgen et al., 2007; Manzi et al., 

2013], a possible combination between climatic, tectonic and sedimentary dynamic factors 

entailed further restriction of the Mediterranean-Atlantic gateway and triggered the acme of 

the MSC [e.g. Butler et al., 1995; Duggen et al., 2003; Meijer & Krijgsman, 2005; Roveri & 

Manzi, 2006; Hilgen et al., 2007; CIESM, 2008; Govers et al., 2009]. During this stage, a 

dramatic sea-level drawdown of ~1500 m led to an almost complete desiccation of the 

Mediterranean basins (Figure 1.2) [Ryan, 1976; Ryan & Cita, 1978; Stampfli & Hocker, 1989; 

Blanc, 2000, 2006; Maillard et al., 2006a; CIESM, 2008; Bache et al., 2009, 2012; Urgeles et 

al., 2011; Lofi et al., 2011a; Bowman, 2012]. This large-scale drawdown was recorded on the 

margins in the form of a widespread erosive surface usually termed as the MES – common 

acronym representing both erosive surfaces described in the onshore (MES = Messinian 

Erosional Surface) and offshore studies (MES = Margin Erosion Surface) (Figure 1.4) – [e.g. 

Ryan, 1976; Ryan & Cita, 1978; Lofi et al., 2003, 2005, 2011b; Maillard & Mauffret, 2006; 

Manzi et al., 2007; CIESM, 2008; Roveri et al., 2008b; Urgeles et al., 2011]. 

Due to the subaerial exposure of the marginal basins, the Primary Lower Gypsum

deposited during the Stage-1 was deeply eroded (Figure 1.4) and resedimented downslope as 

mass-wasting deposits of gypsum clastic deposits (Resedimented Lower Gypsum). These units 

have been described in numerous outcrops in Italy [Roveri et al., 2003; Manzi et al., 2005; 
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Roveri & Manzi, 2006] or Spain [Fortuin & Krijgsman, 2003]. Also “in situ” evaporitic 

deposits (mostly gypsum and primary halite and K-Mg salts) accumulated in some 

intermediate basins (now onshore; Figure 1.4) during this phase [Lugli et al., 1999; Manzi et 

al., 2012]. 

Concurrently to the sea-level drawdown, the main drainage networks flowing into the 

Mediterranean basins underwent deep to adjust to the new base level (e.g. the Messinian 

Rhône river [Clauzon, 1973]; Nile river [Chumakov, 1973b]; Ebro River [Urgeles et al., 

2011]; or the Sahabi canyons [Nicolai, 2008]) and contributed to the large downslope transfer 

of the products of the erosion towards the deepwater basin [Lofi et al., 2005]. The high rate of 

sea-level drawdown during Stage-2 – about 1500 m in 50 kyr or less – has been also 

suggested from offshore studies as responsible for destabilization of the margins and 

occurrence of subaqueous gravity flows that deposited numerous detrital deposits at the base-

of-slope of many Messinian margins [Sabato Ceraldi et al., 2010; Bowman, 2012; Lugli et al., 

2013; Gorini et al., 2015]. 

From the offshore point of view, Stage-2 is marked by the reactivation of turbiditic 

systems and accumulation of thick sedimentary packages of evaporites on the deep basins 

[Lofi et al., 2005; CIESM, 2008; Bache et al., 2009]. A chronostratigraphic correlation 

between the offshore Lower Unit onlapping the Miocene margins [Montadert et al., 1970; 

Lofi et al., 2005, 2011a] and the Resedimented Lower Gypsum outcropping in the Apennine or 

in Sicily has been proposed by some authors [Roveri et al., 2001, 2008b; Manzi et al., 2005], 

although other authors suggest that it would correlates with the Primary Lower Gypsum [De 

Lange & Krijgsman, 2010]. On the other hand, the deposition of more than 1 km of halite 

(represented by the Mobile Unit offshore; Figure 1.4) in the deep basin during the Stage-2

seems to be widely accepted [Montadert et al., 1970; Hsü et al., 1973b; Clauzon et al., 1996; 

Krijgsman et al., 1999c; CIESM, 2008; Roveri et al., 2008c, 2014; Bache et al., 2012]. 

1.2.4. Stage-3 – The Messinian Lowstand (5.55-5.33 Ma) 

The third and last stage of the MSC (~5.55-5.33 Ma; Krijgsman et al., 2001; Van Der 

Laan et al., 2006; Hilgen et al., 2007; CIESM, 2008; Manzi et al., 2009) is characterized by 

the continuity of low sea level, subaerial conditions in the margins and widespread 
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development of shallow-water environments in the Mediterranean area. From onshore  

intermediate/deep marginal basins in Sicily (Figure 1.4), 10 sedimentary cycles (7 containing 

gypsum) have been recognized forming the Upper Gypsum and correlated between the top of 

the Stage-2 deposits and the base of the Pliocene [Van Der Laan et al., 2006; Hilgen et al., 

2007; Manzi et al., 2009]. Based on cyclicity, the deposition of this Upper Gypsum lasted 

~180 ka, so – downward tuning from the base of the Pliocene – the boundary between Stage-2

and 3 has been defined at 5.55 Ma (Figure 1.4). A commonly observed vertical organization 

allow to subdivide the Upper Gypsum into two distinct sequences [Roveri et al., 2001]. The 

lower unit (p-ev1) shows alternation of gypsum and shale beds deposited in shallow waters 

with combined signals of substantial fresh water input and scattered brackish water. The upper 

unit (p-ev2 or Lago Mare) has an overall stronger freshwater signature and is usually formed 

by 4/5 cycles that allow to mark the boundary between p-ev1 and p-ev2 at 5.42 Ma (Figure 1.4) 

[Roveri et al., 2008b]. 

On the offshore domain, the Upper Unit represents the youngest Messinian unit 

deposited in the deepwater basins (Figure 1.4), but its depositional timing is still controversial. 

Traditionally, the Upper Unit has been linked to the MSC lowstand stage (Stage-3; Figure 1.4) 

as it has been observed onlapping the MES in shelf areas and marginal basins. During this 

phase, fluvio-deltaic clastic deposition continued on the uppermost Messinian upslope of 

incised valleys [Lofi et al., 2011a; Geletti et al., 2014; Gorini et al., 2015]. 

1.2.5. The End of the MSC: The Zanclean Reflooding (5.33 Ma) 

The end of the MSC is marked by the return to fully and stable marine conditions in the 

event known as the Zanclean reflooding. It is commonly related to an abrupt collapse of the 

Gibraltar sill and the consequent rapid invasion of the Atlantic waters into the Mediterranean 

basin [Hsü et al., 1973a; Blanc, 2002; Meijer & Krijgsman, 2005; García-Castellanos et al., 

2009]. The almost instantaneous and synchronous nature of this event has been suggested by 

the sharp lithological and paleontological boundary of the Messinian surface, dated at 5.33 Ma 

by astronomically-tuned bio- and magnetic events. This has been defined in the Eraclea Minoa 

section (Sicily) at the base of the Trubi Fm (Pliocene Series; Figure 1.4) [Van Couvering et 

al., 2000]. Further evidence of the catastrophic nature of the reflooding is the strong erosional 

character (up to 860 ms two-way travel time (twtt)) of the Messinian surface in the Gibraltar 
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Strait area and adjacent Alboran Sea (Figure 1.6) [Estrada et al., 2011] and the imaging of 

deep channels incised into Miocene deposits across the Gibraltar Strait and extending at least 

200 km into the Mediterranean Sea [García-Castellanos et al., 2009]. 

Figure 1.6. Three-
dimensional view of the 
present-day Messinian 
time-structural map in 
the area between the 
Gibraltar Strait and the 
Alboran Sea. The main 
morphological features 
related to the Zanclean 
flooding are labeled. 
Color scale is in two-
way travel time (twtt)
seconds. Vertical 
exaggeration = 6. From 
Estrada et al. [2011].

After reflooding, sediments were essentially trapped in the head parts of the Messinian 

canyons that became suddenly the Zanclean rias, while basinward a condensed layer of clays 

covered the MES and the Messinian deposits [Lofi et al., 2003]. 
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1.3. The Offshore Perspective: The MSC Seismic Markers 

Despite the numerous advances reached in the MSC chronostratigraphic model 

described above, there are still many controversies mainly regarding the timing of evaporite 

deposition in the different settings as well as on the number, amplitude and duration of the 

sea-level changes [Rouchy & Caruso, 2006; CIESM, 2008; Ryan, 2009]. Many disagreements 

derive from the fact that most of the works dealing with the MSC are based on outcrops now 

located onshore (Figure 1.4) and without a physical connection with the Messinian deepwater 

succession in the deep basin [Clauzon et al., 1996; CIESM, 2008]. For these reasons, a 

collective effort has been dedicated in the last years to characterize the main Messinian 

depositional units and bounding surfaces offshore (grouped under the term Messinian seismic 

markers after Lofi et al. [2011a; b]; Figure 1.7). These markers probably represent the best (or 

the only) way to reconstruct the entire sequence of MSC events, and especially, to unravel 

what happened during the drawdown phase when the margins were only recording the 

erosion. 

A summary of the main seismic characteristics (facies, geometry and extent) and 

nomenclature of the offshore Messinian seismic markers described in the Mediterranean Sea 

is presented in the following lines. This nomenclature (Figure 1.7) – based on the seismic 

facies of the units and/or their geometrical relationships with the Mobile Unit proposed by 

Lofi et al. [2011a; b] – will be used in this and subsequent chapters of this Thesis. 

Figure 1.7. (a) Conceptual section (not to scale) of the Messinian seismic markers at the end of the 
MSC in the Western Mediterranean basin in absence of salt tectonics. The MSC seismic sequence 
consists of up to 3 units (Messinian Trilogy: Upper Unit (UU), Mobile Unit (MU) and Lower Unit 
(LU)). After Lofi et al. [2011a; b] and Maillard et al. [2014]. (b) Seismic profile from the Gulf of Lions 
(Western Mediterranean) illustrating the seismic character and aggradational organization of the 
Messinian Trilogy. PQ = Plio-Quaternary sequence. After Lofi et al. [2005] and Roveri et al. [2014]. 
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1.3.1. Offshore MSC Units 

In the Western Mediterranean, three major evaporitic units – usually grouped under the 

term of ‘Messinian Trilogy’ (Figure 1.7) [Montadert et al., 1970] – have been identified in the 

deepwater basins: the Lower Unit, correlated with the resedimented selenite gypsum 

outcropping in the Apennines and Sicily [Roveri et al., 2001, 2008a; c]; the Mobile Unit, 

dominantly Halite [Nely, 1994]; and the Upper Unit; combination of marls and evaporites 

[CIESM, 2008; Lofi et al., 2011b].  This depositional sequence is characterized by an 

aggrading geometry that onlaps the margins and infill the topographic lows of the Western 

Mediterranean basin. In the Eastern Mediterranean, only the Mobile Unit has been identified 

(Figure 1.4). This difference between the Western and Eastern basins has been related to the 

separation of both basins through the Strait of Sicily. When the water levels in the basins 

became separated, the salinity in the Western basin decreased until brines levels while in the 

Eastern basin benefited from evaporitic deposition [Blanc, 2006]. Correlation between 

individual units in both basins is not possible because the East and West Mediterranean basins 

are now separated by the Sicily sill. Other seismic units (Bedded Unit and Complex Unit) are 

observed only locally. 

Lower Unit: 

The Lower Unit represents the lowest MSC seismic unit of the Messinian Trilogy. It is 

usually identified as a group of continuous high-amplitude reflections onlapping the Miocene 

margins (e.g. Provençal Basin; Figure 1.7) [Montadert et al., 1970; Lofi et al., 2005]. Its 

thickness spans from 0 to ~600 m using an interval velocity of 3.5 km/s [Lofi et al., 2005]). 

Some authors proposed that the Lower Unit deposited in a fully subaqueous environment and 

may contain turbidites and debris flows related to the erosion of the margins at the beginning 

of the drawdown [Lofi et al., 2005]. Others suggest that it would be an equivalent of the 

onshore Resedimented Lower Gypsum [Roveri et al., 2001; Manzi et al., 2005] and/or partly of 

the Primary Lower Gypsum [De Lange & Krijgsman, 2010]. At the present time, however, the 

real extent, thickness, lithology and age of the Lower Unit throughout the Western Basin are 

still speculative, as it has never been drilled. 
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Mobile Unit 

The Mobile Unit, or Messinian salt, has been described in both the Western and Eastern 

basins. It is characterized by a series of transparent acoustic facies (Figure 1.7b) which is 

thought to result from a succession dominated by halite [Nely, 1994]. Typically, it is observed 

associated to plastic deformation structures, and listric faults and diapirs in the overlying 

brittle sediments [Dos Reis et al., 2005; Loncke et al., 2006]. The seismic facies and thickness 

of the Mobile Unit differ between basins. In the Western basin, it is characterized by 

reflection-free seismic facies and a maximum thickness of ~1.2 km (using a 4.5 km/s velocity) 

[Lofi et al., 2005]; whereas in the Eastern basin, it shows several internal reflections and 

reaches thickness of ~2.1 km [Bertoni & Cartwright, 2005, 2006; Netzeband et al., 2006; 

Gvirtzman et al., 2013]. Where the Messinian Trilogy is well developed, it has been suggested 

that the Mobile Unit may correspond to Stage-2 [CIESM, 2008]. 

Upper Unit 

Only described in the Western basin, the Upper Unit represents the most recent unit of 

the Messinian Trilogy (Figure 1.4). It is characterized by a group of parallel and fairly 

continuous reflections of relatively high amplitude (Figure 1.7) [Maillard et al., 2006a]. The 

thickness of the unit is up to ~500–900 m (using an interval velocity of 3.5 km/s) [Lofi et al., 

2011a]. It presents an aggrading geometry that onlaps the Miocene margin slopes, which has 

been interpreted as reflecting the shoaling of the basin floor when the base level was 

drastically lowered [Sage et al., 2005; Maillard et al., 2006a; Lofi et al., 2011a]. In some 

places, the Upper Unit shows internal erosion surfaces [Maillard et al., 2006a; Lofi et al., 

2011a] and erosion at the top [Ryan, 1978; Escutia & Maldonado, 1992; Maillard et al., 

2006a]. 

The Upper Unit was sampled during DSDP Leg XIII expedition [Ryan et al., 1973] and 

described as a combination of dolomitic marls and anhydrite. However, the vertical and lateral 

facies variability evidenced in different seismic profiles could suggest different lithologies and 

depositional environments. According to some authors [Bache et al., 2009, 2015; Manzi et al., 

2009], the Upper Unit would have been deposited during a phase of sea-level rise, suggesting 

the maintenance of a partial marine connection with the Atlantic Ocean to balance evaporite 
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deposition. Other authors suggest that the observed aggrading geometry of the Upper Unit 

reflects the shoaling of the basin floor when the base level was drastically lowered. Even, 

others suggest that most of the Upper Unit may actually be deposited during MSC Stage-2 

[Roveri et al., 2014]. 

Complex Unit 

A series of clastic units has been observed covering the lower slope and deepwater 

basin (Figure 1.7) at several locations in the Mediterranean basin [Barber, 1981; Savoye & 

Piper, 1991; Sage et al., 2005; Lofi et al., 2005, 2011a; Maillard & Mauffret, 2006; Maillard 

et al., 2006a; Bertoni & Cartwright, 2007a; Bache et al., 2009, 2015; Obone-Zue-Obame et 

al., 2011; Estrada et al., 2011; Bowman, 2012; Driussi et al., 2014; Gorini et al., 2015]. 

Grouped under the global term of Complex Unit [Lofi et al., 2011b], they are characterized by 

chaotic seismic facies traditionally interpreted as clastic deposits eroded from the margin 

during the drawdown phase and associated with the Messinian valleys or to slope instabilities 

and gravity-driven deposits related to the Messinian sea-level drawdown [e.g. Stampfli & 

Hocker, 1989; Savoye & Piper, 1991; Lofi et al., 2005; Sage et al., 2005; Maillard et al., 

2006a; Bache et al., 2015; Gorini et al., 2015]. However, the true nature of this Complex Unit 

remains unclear because of the variable geometrical and temporal relationship (Figure 1.4) 

with the other Messinian markers [Bache et al., 2009; Lofi et al., 2011b]. 

Bedded Unit 

A series of Bedded Units (so called with reference to their seismic facies) are observed 

in topographic lows of some Mediterranean subbasins (e.g. East-Corsica basin [Thinon et al., 

2004; Lofi et al., 2011b], West-Corsica margin [Lofi et al., 2011b], or the Balearic margin 

[Driussi et al., 2014; Maillard et al., 2014]). As they are geometrically disconnected from the 

other Messinian seismic markers (Figure 1.7), their relative age cannot be established. The 

maximum thickness of the Bedded Unit is up to 350 m (using a mean internal velocity of 3.5 

km/s) and is often bounded above by a well-expressed erosional surface. 
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1.3.2. Messinian Salinity Crisis Surfaces 

Several remarkable surfaces have been evidenced on seismic data associated to the 

Messinian Event (Figure 1.7a). Even if the most outstanding feature is represented by the 

widespread MES generally observed on the margins, several surfaces (erosional or not) are 

observed bounding or into the MSC depositional units. The age of these Messinian surfaces is 

typically unknown and it could differ from place to place. The assigned nomenclature and 

definition is based on their geometrical relationship with the pre-Messinian units, the MSC 

deposits, and the Plio-Quaternary cover [Lofi et al., 2011b]. 

Margin Erosion Surface (MES) 

The MES represents a widespread erosion surface observed on the upper Mediterranean 

margins resulting from the subaerial exposure during the main sea-level drawdown at the 

MSC Stage-2 and Stage-3. It is considered as the offshore prolongation of the onshore 

Messinian Erosional Surface (Figure 1.4). It is usually identified at the base of the Pliocene–

Quaternary unit as a prominent reflector with a rough morphology and a strong erosional 

character [e.g. Ryan, 1976; Ryan & Cita, 1978; Lofi et al., 2003, 2005, 2011b; Maillard et al., 

2006a; Roveri & Manzi, 2006; Urgeles et al., 2011]. This erosional character and the subaerial 

nature of this surface have been supported by several exploration boreholes in the 

Mediterranean area [e.g. Lanaja, 1987; Urgeles et al., 2011]. 

From a spatial point of view, seismic profiles show the MES extending basinward to the 

pinch-out of the MSC depositional units (Figure 1.7), where it passes laterally to at least two 

surfaces: the Bottom Surface and the Top Surface [Lofi et al., 2011b]. From a temporal point 

of view, the MES is considered as time equivalent to the entire MSC deepwater depositional 

sequence (Figure 1.4). 

Numerous studies have revealed the existence of complex Messinian drainage networks 

at several Mediterranean margins (e.g. Egyptian margin [Barber, 1981; Loncke et al., 2006]; 

Gulf of Lions shelf [Guennoc et al., 2000]; Ebro margin [Urgeles et al., 2011]; or Po Plain and 

Adriatic basin [Roveri et al., 2005; Ghielmi et al., 2010, 2013]). Those systems incised into 

the Miocene sequence as they adjusted to the new base level. Also stepped morphologies and 

abrasion platforms have been described associated to the MES and related to periods of sea-
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level stagnancy [Barber, 1981; Lofi et al., 2005; Bertoni & Cartwright, 2006; Bache et al., 

2009, 2012; García et al., 2011; García-García et al., 2011; Urgeles et al., 2011]. Because of 

all these features are described shaping the MES, this surface is most likely a diachronous and 

polygenic feature [Lofi et al., 2011a] resulting from the combination of several processes. 

Bottom (Erosion) Surface (BS/BES) 

The Bottom Surface (BS) – or Bottom Erosion Surface (BES) where it shows evidence 

of erosion – represents the base of the MSC deposits in the deepwater domain (Figure 1.7). It 

corresponds to the basinward extension of the MES beneath the Messinian Trilogy in the 

Western Mediterranean and beneath the Mobile Unit in the Eastern Mediterranean (Figure 

1.4) [Ryan, 1978; Ryan & Cita, 1978; Lofi et al., 2005; Bertoni & Cartwright, 2006; Maillard 

et al., 2006a]. Usually, the BES observed at the margin slopes becomes progressively 

conformable (BS) with the underlying strata in the deepest part of the basins. 

Top (Erosion) Surface (TS/TES) 

The Top Surface (TS) represents a conformity surface separating MSC deposits from 

the overlying Plio-Quaternary units (Figure 1.4). In some shallower areas such as the Valencia 

basin [Ryan & Cita, 1978; Escutia & Maldonado, 1992; Maillard et al., 2006a], the East 

Corsica Basins [Thinon et al., 2004; Lofi et al., 2011b], the Levant basin [Ryan & Cita, 1978; 

Bertoni & Cartwright, 2007b], or the Cyprus Arc [Maillard et al., 2011] it shows some 

evidence of erosion and has been labeled Top Erosion Surface (TES). 

Intermediate Erosional Surfaces  

Some internal unconformities within the MSC deposits have been described in some 

areas such as the Valencia basin [Maillard et al., 2006a] or the East Corsica basins [Thinon et 

al., 2004; Lofi et al., 2011b]. They usually display erosional gullied morphologies. From a 

stratigraphical point of view, they were created sometime between the BS and TS surfaces. 
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Chapter 2. Geological Setting 

2.1. The Valencia Trough (Western Mediterranean) 

The Valencia Trough developed between the Iberian Peninsula and the Balearic 

Promontory as part of the Neogene northwestern Mediterranean rift system (Figure 2.1). The 

Western Mediterranean region is located in the convergent margin of the African and 

European Plates. The region developed from the complex interaction between orogenic 

processes and extensional tectonics that formed a system of back-arc basins since Oligocene, 

including the Valencia Trough, the Liguro-Provençal, the Algero-Balearic, the Alboran, and 

the Tyrrhenian basins [Rosenbaum, 2002] (Figure 2.2). The back-arc extension resulted from 

a combination of the slow convergent rates and rapid subduction rollback [Rosenbaum, 2002]. 

Figure 2.1. Present-day extend of the MSC markers over the Western Mediterranean Sea (after Lofi et 
al. [2011b], Driussi et al. [2014], and Maillard et al. [2014]). Red rectangle indicates the area studied in 
this Thesis. CMD: Central Mallorca Depression. Color scale is in meters below sea level (mbsl). 
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The onset of the back-arc basins formation occurred at ~33 Ma related to the 

subduction of the old Ligurian Thetys towards the E-NE and S-SE [Schettino & Turco, 2011]. 

The extensional deformation started in the Gulf of Lions during Late Oligocene and 

propagated southwestward during the Oligocene–Early Miocene. Corsica and Sardinia 

underwent counterclockwise rotations during the opening of the Ligurian Sea, whereas the 

opening of the Valencia Trough was accompanied by clockwise rotations of the Balearic 

Islands (Figure 2.2A). The opening of the Algero-Balearic Basin is associated to migration of 

the Kabylies [Schettino & Turco, 2011]. The rift underwent thermal and tectonic subsidence, 

but failed before oceanic crust was emplaced, resulting in a series of extensional subbasins 

[Soler et al., 1983; Roca et al., 1999] (Figure 2.2). In the Valencia Trough, a cluster of NE-

SW transfer zones guided the opening of the basin and delineated a horst-and-graben system 

filled by syntectonic deposits [Maillard & Mauffret, 1999]. Extension could have persisted 

until the Serravallian and seems to be progressively younger towards the SW [Mauffret et al., 

1995]. In a second stage (early Tortonian; Figure 2.2B), two subsequent episodes of trench 

retreat led to the formation of the Alboran and Tyrrhenian basins, respectively [Schettino & 

Turco, 2011]. 

The resulting structure of the SW Valencia Trough is more complex, reflecting 

overthrusting of the Betic orogenic belts or perhaps major transcurrent faulting [Maldonado, 

1985; Rehault et al., 1985]. Some faulting and subsidence have continued up to present in the 

form of N-S trending faults and associated magmatism [Escutia & Maldonado, 1992; Maillard 

et al., 1992; Roca & Guimerà, 1992; Perea et al., 2012; Maillard & Mauffret, 2013]. The post-

rift sedimentary history of the Valencia Trough starting in the Early Miocene is characterized 

by subsidence and deposition of thick sedimentary sequences [Dañobeitia et al., 1990; Clavell 

& Berastegui, 1991]. During the Tortonian, a major prograding sequence developed on the 

Valencia continental shelf and slope associated with a major regressive event. In offshore 

wells, this megasequence is identified as the Castellon Group [Soler et al., 1983; Lanaja, 

1987; Clavell & Berastegui, 1991; Martinez del Olmo, 1996] and includes basal Early 

Tortonian shales deposited in a relatively deep-sea environment, grading upward into Late 

Tortonian coarser sand-dominated facies (Castellon Sands) representing the topset beds of the 

regressive prograding sequence [Bartrina et al., 1992]. 
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Figure 2.2. Plate reconstruction of 
the Western Mediterranean region 
and resulted back-arc basins at (A) 
20.1 Ma (early Burdigalian) and (B) 
10.9 Ma (early Tortonian). Red lines 
represent spreading centers. Blue 
and green areas distinguish oceanic 
crust. Orange lines bound early 
rifting events. Arrows represent the 
direction and amount of relative 
motion. VT: Valencia Trough; LPB: 
Liguro-Provençal Basin; ABB: 
Algero-Balearic Basin; AB: Alboran 
Basin; TB: Tyrrhenian Basin; PB: 
Pannonian Basin. After Schettino & 
Turco [2011] and Prada [2014].

At the end of the Miocene, the Messinian event led to a dramatic fall in sea level of 

~1500 m [Stampfli & Hocker, 1989; Maillard et al., 2006a; Urgeles et al., 2011] and major 

paleoenvironmental changes in the Mediterranean area. The sea-level drawdown resulted in an 

extensive unconformity on the margins and deposition of evaporites over the abyssal plains 

(Figure 2.3) [Mauffret et al., 1973; Hsü et al., 1977]. The seismic expression of the MSC in 

the Valencia Trough has been previously described with reference to four surfaces (MES, 

TS/TES, BS/BES, and Intermediate Surface) and three Messinian units (Mobile, Upper, and 

Complex Units) (Figure 2.3) [Maillard et al., 2006a; Lofi et al., 2011b; Driussi et al., 2014]. 

The MES in the area of the Ebro Margin (see Figure 2.1 for location) has been described by 

previous authors as characterized by a stepped morphology widely incised by a complex 

fluvial network identified as the paleo-Ebro River [Urgeles et al., 2011]. In the central and 
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southwestern sector of the Valencia Trough the MSC units are limited to the Upper Unit and 

the Complex Unit [Maillard et al., 2006a]. The Complex Unit (Figure 2.3) was characterized 

as a wedge-shaped unit usually located at the transitional zone between the Messinian Trilogy

and the MES [Maillard et al., 2006a]. The top of the Messinian succession in the central part 

of the basin has been locally described as “incised” by a sinuous central paleo-valley and its 

tributaries, which has been interpreted as the Messinian paleo-Valencia channel (Figure 2.3) 

[Stampfli & Hocker, 1989; Escutia & Maldonado, 1992; Maillard et al., 1992, 2006a]. Above 

the Messinian unconformity, the Plio-Quaternary succession is characterized by a second 

prograding megasequence [Nelson & Maldonado, 1990; Bertoni & Cartwright, 2005; 

Kertznus & Kneller, 2009]. 

Recently, in the adjacent Balearic Promontory three MSC-related units have been 

described [Driussi et al., 2014; Maillard et al., 2014]. The lowermost transparent seismic unit 

is described deposited in the deepest part of the Central Mallorca Depression (see Figure 

2.1¡Error! No se encuentra el origen de la referencia. for location). It has been interpreted 

as a 100-200 m-thick salt layer equivalent to the Mobile Unit (Figure 2.3) observed in the 

deep basins [Maillard et al., 2014]. These evaporites pass laterally and are overlain by a 

Bedded Unit (Figure 2.1 and Figure 2.3) that has been suggested to be lithologically 

equivalent to the Upper Unit in the deep basin. The third described seismic unit, named Slope 

unit, spreads on the borders of the Central Mallorca Depression and is onlapped by the 

Bedded Unit. 

Figure 2.3. Conceptual section of Messinian markers (surfaces and depositional units) described at 
present in the Valencia Trough area [after Lofi et al., 2011a; Driussi et al., 2014; Maillard et al., 2014]. 
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Nomenclature based on Lofi et al. [2011a; b]. ‘Intermediate basins’ refers to offshore shallower basins 
such as the Valencia Trough, geological framework of this Thesis. 

Regionally, the lateral continuity of the Messinian sequence is affected by scattered 

volcanism and diapirism rooted in Triassic salts. Volcanism in the area is represented by two 

different episodes: 1) The volcanic intrusions following the central trough axis interpreted as 

the result of rifting-related volcanism during Late Oligocene–Early Miocene [Dañobeitia et 

al., 1990; Maillard & Mauffret, 1993]; and 2) The Columbretes Islands, north of the studied 

area, which represent a younger volcanic event of Pliocene–Middle Pleistocene age 

[Dañobeitia et al., 1990; Farrán & Maldonado, 1990; Escutia & Maldonado, 1992]. In some 

cases, the intrusions poke through and disrupt the complete Messinian sequence, while in 

other locations, the Messinian sequence is only deformed by differential compaction over the 

topography created by the volcanic highs. Triassic salt diapirism in the studied area follows 

NNE-SSW and E-W directions related to the distribution of faults [Escutia & Maldonado, 

1992]. 

At present, a mid-ocean type valley — the Valencia channel (first defined by Ryan et 

al. [1973]; Figure 0.1) —collects sediment from the canyon-channel systems evolving from 

the Catalan margin to finally vanishes into the Valencia Fan [Palanques & Maldonado, 1985] 

at the northernmost part of the Algero-Balearic Basin (Figure 2.1). The Quaternary 

stratigraphy of the deep northeast Iberian margin is characterized by canyon-channel turbiditic 

systems [Alonso et al., 1991; Kertznus & Kneller, 2009; Amblas et al., 2011], large-scale 

sediment waves [Ribó et al., 2014, Submitted] and numerous slope failures [Baraza et al., 

1992; Lastras et al., 2002, 2004, 2007; Urgeles et al., 2006; Kertznus & Kneller, 2009; 

Urgeles & Camerlenghi, 2013]. 
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2.2. The Ebro Basin 

The Ebro Basin (Figure 2.4) is the largest Cenozoic foreland basin in the Iberian 

Peninsula. It results from the tectonic collision of the Iberian and European plates during the 

Early Paleocene, which controlled the development of the orogenic ranges surrounding the 

basin: the Pyrenees to the north, the Iberian Ranges to the south and the Catalan Coastal 

Ranges to the east [Plaziat, 1981; Costa et al., 2010]. Uplift of the Pyrenees in the Late 

Eocene isolated the Ebro Basin from the Atlantic Ocean and established a large endorheic 

basin. 

Figure 2.4. Framework of major tectonic lineaments for Catalan Coastal Ranges and Valencia Trough 
in the context of the Ebro Basin [after Roca & Guimerà, 1992; Vergés et al., 2002]. Yellow box shows 
location of the Ebro Delta 3D seismic data volume used in this Thesis to unravel the timing of 
connection of the Ebro Basin to the Mediterranean Sea. From Urgeles et al. [2011]. 
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Timing of the new aperture of the basin toward the Mediterranean Sea is still subject of 

debate. Two major hypotheses have been postulated: 1) The capture of the Ebro Basin 

associated with the MSC when the sea-level fall caused backward erosion of Mediterranean 

rivers [Riba et al., 1983; Bartrina et al., 1992; Babault et al., 2006] ; 2) A pre-Messinian 

capture of the Ebro Basin by a proto-Ebro River in the Serravallian–Tortonian (~13–8.5 Ma) 

[Evans & Arche, 2002; García-Castellanos et al., 2003; Arche et al., 2010; Urgeles et al., 

2011]. Since capture, the Ebro fluvial system has evolved producing significant erosion of the 

Tertiary sediments. Quaternary sedimentary products are mainly fluvial stepped terraces and 

pediment levels covering one-third of the Tertiary sediments [Gutierrez-Elorza & Peña 

Monne, 1989]. 
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Chapter 3. Methodology 

Because of the complexity of the offshore Messinian seismic imaging and the spatial, 

temporal and geometrical variability of the associated MSC units and surfaces, this Thesis has 

been conceived as a multidisciplinary integration of geophysical methods and numerical 

modelling. 

This Chapter describes the offshore multichannel seismic method, and focuses on the 

2D and 3D interpretation techniques used in this Thesis. Detailed analysis of the Messinian 

interval – including sequence-stratigraphy concepts, correlation with well data and extraction 

of seismic attributes – has been performed. These methods have been applied to the work 

described in Chapter 4 and Chapter 5. In a second section, the basics on soil mechanics are 

introduced and the fundamentals of 2D numerical modelling of coupled transient seepage and 

deformation analysis performed are described. Those concepts are fundamental to understand 

the results and further discussion presented in Chapter 6. 

3.1. Multichannel Seismic Reflection 

3.1.1. Outline of the Method 

The multichannel seismic reflection method is one of the most advanced technologies 

used in offshore and onshore geophysical exploration. It uses the principles of seismology to 

estimate the properties of the Earth’s subsurface. Classified as an active seismic method, the 

multichannel seismic reflection technique consists on acquiring, processing and analyzing the 

seismic record resulting from near-vertical reflections of elastic waves at the different 

interfaces of the medium (Figure 3.1). The resulting high resolution image allows 

characterizing subsurface structures in a variety of scales [IAGC, 2002]. 
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Figure 3.1. Diagram of a standard offshore multichannel seismic experiment. The towed seismic source 
(air guns) generates an acoustic pulse that is transmitted downward to the subsurface and reflected at 
the different interfaces (changes of acoustic impedance). The reflected waves travel upward and are 
recorded by hydrophones located along the streamer towed some distance away from the source to try 
to minimize the noise associated with the ship and the sound sources. The ray paths resulting from a 
single shot are displayed. 

The seismic technique was originally developed by the oil exploration industry in the 

1930's. Since then, marine multichannel seismic reflection techniques have been widely used 

for a wide range of investigations in inshore, coastal, and deep ocean environments to map in 

detail sedimentary structures. While 2D seismic profiles have been invaluable for subsurface 

investigations for many decades, the development of 3D seismic techniques in the 1980’s has 

allowed geoscientists to evaluate geologic structures in a much more intuitive manner [Chopra 

& Marfurt, 2005]. Although the 2D and 3D seismic reflection differs in some specific aspects 

of the acquisition and processing, the basic concepts are valid for both methods. Acquisition 

of marine multichannel seismic reflection data consists of a sound source towed behind the 

vessel at a known depth that produces sound pulses at a controlled frequency range and at 

regular time intervals (Figure 3.1). When the elastic waves encounter a boundary between two 

materials with different acoustic impedances, some of the energy in the wave will be reflected 

at the boundary, while some of the energy will be transmitted through the boundary [Yilmaz, 
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2001]. The part of the reflected energy travels upward to the surface and is recorded by the 

hydrophones arranged in a streamer towed from the vessel (Figure 3.1). For 2D seismic 

surveys (Figure 3.1) only 1 streamer is used for recording, whereas 3D surveys can employ 

more than 12 streamers. Whatever the number of streamers used, they should be deployed 

some distance away from the source to try to minimize the noise associated with the ship and 

the air guns [Talagapu, 2005; Chaouch & Mari, 2006]. The result is a 2D vertical section of 

the subsurface along a sailing line for 2D surveys and a volume of seismic data for 3D seismic 

surveys. 

3.1.2. Dataset Used for this Thesis 

Ebro Delta 3D Seismic Survey 

The first dataset used in this work consists of a 3D seismic survey covering 2500 km2

of the Ebro continental shelf and upper slope (Figure 3.2). Seismic data were acquired by 

Petroleum Geo-Services [PGS Geophysical Marine Acquisition, 2002] and processed by 

Veritas DGC Ltd [Veritas DGC Ltd., 2003] on behalf of BG Group in 2002. Orientation of 3D 

seismic data acquisition lines is parallel to the margin strike. The resulting seismic volume 

includes 1888 inline sections of 62 km in length and 2511 crossline sections of 47 km in 

length (Figure 3.2). The latter are almost perpendicular to the margin strike. The seismic data 

is SEG normal polarity (i.e. an increase in impedance is a positive amplitude) and were pre-

processed on board by Petroleum Geo-Services. 

In house processing by Veritas DGC Ltd included Radon Demultiple with 200 ms AGC 

wrap and a zero-phase conversion filter. Fold normalization “FLOOD” was applied as 

intelligent XY’s interpolation in order to fill gaps in the acquisition coverage. A full non-

hyperbolic prestack time migration was run combining normal moveout, dip moveout and 

zero offset migration in a single operation. Also FXY deconvolution was applied to 3D 

stacked data. The final seismic volume, covering a surface of 47×63 km (Figure 3.2), resulted 

in a grid with 12.5 × 12.5 m bin size and a 4 ms sampling interval. 



Multichannel Seismic Reflection 

44 

Figure 3.2. Area covered 
by the Ebro Delta 3D 
survey (red-shaded box)
plotted over bathymetric 
and topographic map of 
the Ebro margin area (see 
Figure 0.1 for location). 
Inline sections are 63 km 
long and parallel to the 
margin strike. Crossline 
sections are 47 km long 
and almost perpendicular 
to the margin strike. 
Yellow circle locates the 
FORNAX-1 well 
discussed in this Thesis. 
Color scale is in meters.

SGV01 Multichannel Seismic Survey 

The second seismic dataset used in this Thesis consists on a 2D multichannel seismic 

survey of 30 sailing lines, with an average length of 90 km, covering more than 2800 km 

(black lines in Figure 3.3). These data were acquired in October 2001 offshore the Valencia 

margin (NW Valencia Trough) by Fugro-Geoteam aboard the RV Geo Baltic. Subsequent 

processing was performed by Robertson Research International Ltd [Robertson Research 

International Ltd., 2002]. The acquisition involved an I/O MSX Digital streamer composed of 

480 channels at group-intervals of 12.5 meters, resulting in an active streamer length of 6000 

meters. Trace length was recorded up to 8.192 s two-way travel time (twtt) at a sampling rate 

of 2 ms. The seismic source consisted of 32 active Sordera G-guns arranged in 4 sub-arrays 

with a total working volume of 3530 cubic inches and a working pressure of 2500 psi. The 

shotpoint interval was defined at 25 m. 
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Figure 3.3. Detailed location of 
the 30 multichannel seismic 
profiles acquired during 
SGV01 survey plotted over the 
bathymetric and topographic 
map of the Valencia Trough
(see Figure 0.1 for location).
Seismic profiles acquired 
parallel to the Valencia 
coastline were named “inline 
profiles” and numbered from 
101 to 122. Seismic profiles 
acquired perpendicularly were 
named “crossline profiles” and 
numbered from 201 to 208).
Yellow circles indicate
available industry wells used in 
this Thesis to tie interpreted 
seismic horizons and 
stratigraphic units [Lanaja, 
1987]. Color scale is in meters.

Prestack processing included signature and predictive deconvolution, data resampling 

to 4 ms, amplitude compensation for spherical divergence, anti-alias K-filter, shot-noise 

attenuation using a 1250 m/s dip filter, velocity analysis and prestack multiple attenuation. 

Parameters for prestack predictive deconvolution include a 32 ms twtt predictive gap and a 

300 ms twtt operator length. Prestack radon demultiple approach was applied in the common-

depth-point (CDP) domain (120 fold) to attenuate the strong water-bottom multiples which 

contaminated the whole survey. Dip moveout was applied to all 120 offset planes and 

subsequent prestack time migration was performed over the gathers using a constant velocity 

of 1500 m/s. Far trace and inner trace mutes were designed to reduce the normal moveout 

stretch and noise and to remove the multiple remnants at near offsets before stack, 

respectively. 

The stacked data was de-migrated using a constant velocity (1500 m/s) F-K forward 

modeling technique, leaving the data fully un-migrated before poststack time migration. A 

post-stack Kirchhoff migration was subsequently applied using a smoothed 2D velocity model 

modified from stacking velocities and a maximum half-aperture of 9000 m. Further poststack 
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processing included a time variant band-pass filter and two-window time-variant automatic 

gain equalization. 

Industry wells 

In order to assist seismic interpretation, a total of 11 wells were used in the framework 

of this Thesis (Table I). In the Ebro Delta 3D survey area (Figure 3.2), the FORNAX-1 well 

was drilled by BG Gas International BV Ltd in 2005. Stratigraphic information from 

FORNAX-1 was used for correlation of seismic units and surfaces with lithostratigraphic 

formations described in the area. Additionally, a series of available geophysical logs –

including P-wave velocity, share wave velocity, sonic and gamma ray logs – were used to 

derive most of the physical-mechanical properties used to define the 2D-stratigraphic model 

presented in the next Section and further discussed in Chapter 6. From the SGV01 survey area 

(Figure 3.3), stratigraphic information from 10 exploratory wells [Lanaja, 1987] was used to 

assess the lithology of the Miocene interval and for the correlation with seismic units 

(lithostratigraphic columns extracted from Lanaja [1987] are included in the Appendix). Six 

of these wells are located on the present-day outer shelf (wells 286, 317, 328, 444, 491 and 

590), one on the upper slope (well 389), one on the middle slope (well 354) and two of them 

in the deep basin (wells 404 and 435). 

Well
Available information

Stratigraphic 
column

Lithological 
description

Wave 
velocity Sonic Gamma 

ray

Fornax-1 Yes Yes Yes Yes Yes

286: Sagunto-1 Yes - - - -
317: Columbretes A-1 Yes - - - -
328: Denia-1 Yes Yes Yes - Yes
354: Marina del Turia E-1 Yes Yes Yes - Yes
389: Valencia 3-1 Yes - - - -
404: Ibiza Marino AN-1 Yes - - - -
435: Cabriel B-2A Yes - - - -
444: Golfo de Valencia F-1 Yes Yes Yes - Yes
491: Golfo de Valencia G-1 Yes - - - -
590: Golfo de Valencia D-1 Yes - - - -

Table I Available information of the industry wells used in this Thesis. See Figure 3.2 and Figure 3.3
for location and Appendix for stratigraphic columns corresponding to wells 286-590 [Lanaja, 1987]. 
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3.1.3. Interpretation of Seismic Reflection Data 

Acquisition and processing of reflection seismic data result in a seismic image 

reflecting the changes of impedance at the different interfaces in the media [IAGC, 2002]. If 

the resulting interfaces are assumed to follow lithological boundaries, then the seismic image 

is actually an image of subsurface geological units and the structures they form. The goal of 

seismic interpretation is therefore to obtain a coherent geological story and relevant 

stratigraphic information from this seismic image of the subsurface. 

Conventional seismic interpretation consists of mapping geological structures of the 

studied area by picking and tracking the reflectors of interest throughout the 2D or 3D dataset

(Figure 3.4). Picking involves identifying and recording the position of specific reflection 

events, while tracking implies to follow this reflector over the seismic image [Bakker, 2002]. 

Conventionally, the main reflection events to identify are the horizons, which are surfaces that 

separate different geological units based on reflector terminations and seismic facies 

configuration (Figure 3.4) [Bakker, 2002].  

Figure 3.4. Example of horizon 
tracking throughout inline profile 
SGV01-111 using the Kingdom Suite®

software (see Figure 3.3 for location). 
The clear changes in amplitude and 
seismic facies organization between 
adjacent seismic units allow the easy 
tracking of the green horizon. Red 
circles mark the picked position of the
same horizon that was previously 
interpreted on perpendicular crossline
profiles SGV01-204 and SGV01-205.

In this Thesis, the seismic horizons of interest have been interpreted using SMT 

Kingdom Suite® software performing a combination of 2D manual picks and automatic 

amplitude 2D and 3D tracking. All the horizons were picked on an inline/crossline and 

followed along it as far as possible. Where the seismic profile intersects with other 

crosslines/inlines, the twtt-position of the picks was transferred (Figure 3.4). The result is the 

extension of the target horizons across the entire survey areas to produce time-structural grids 

that define the three-dimensional morphology of the surface. Isochore maps were also 
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extracted from the twtt-difference between pairs of horizons, providing information on 

sediments distribution and variation of volume within a stratigraphic unit.  

Seismic interpretation was assisted by available stratigraphic information from industry 

wells (Table I). The correlation between wells and seismic profiles was performed using a 

time-depth relationship based on interval velocities provided in well reports, and further tied 

by comparing the stratigraphic information from wells with the recognized seismic facies and 

reflectors. A mean velocity of 1550 m/s was used for the upper Quaternary sediments, of 2290 

m/s for the upper Pliocene – lower Pleistocene units, and a velocity of 3400 m/s was used for 

the lower Pliocene interval to determine the MES (Pliocene-Miocene boundary). For the water 

column, a mean velocity of 1524 m/s was imposed. All the wells penetrate the Miocene 

interval, and provide lithological and depth constrains for the Messinian sequence and the 

Miocene–Pliocene boundary in the survey areas. The main stratigraphic boundaries can easily 

be tied to seismic reflectors related to the pre-MSC and MSC succession and are generally 

correlatable for tens of kilometers. 

3.1.4. Seismic Attributes Extraction 

Seismic attributes consist on a quantity extracted or derived from seismic data that can 

be analyzed in order to assist the paleomorphology and facies distribution and interpretation

[dGB Earth Sciences, 2015]. In this Thesis, three poststack time-derived attributes were 

analyzed from the resolvable seismic horizons interpreted across the Ebro Delta 3D seismic 

volume: Amplitude, energy and coherence.

Seismic Amplitude 

The seismic amplitude attribute represents the contrast in elastic properties between 

individual layers from computing the amplitude values of a trace within a specified window. 

The quantitative interpretation of amplitudes can add information about stratigraphic features 

(e.g., channel systems), lithology, porosity, fluid accumulation, as well as pore-pressure. 

Conventional amplitudes are useful for viewing faults that run perpendicular to strike [Chopra 

& Marfurt, 2005]. 
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Figure 3.5. Close-up of the 
same area of two different 
maps extracted for the MES 
horizon interpreted over the 
Ebro Delta 3D seismic 
volume. (a) Time-structural 
map (color scale is in twtt). 
(b) Amplitude map. Note 
how the amplitude map 
reveals dendritic patterns that 
were not observed over the 
structural map.

For this Thesis, the amplitude values were extracted from a 100 ms twtt window 

centered on each target horizon using the Volume Attribute Calculator included into Kingdom 

2d/3dPAK® Software. Amplitude maps were generated (Figure 3.6) using four different 

algorithms described in Table II. The most consistent results were obtained with extraction of 

the most negative amplitudes (Amin). 

Figure 3.6. Example of 100 ms 
(twtt) sampling window used to 
calculate seismic attributes of 
amplitude and coherence. From the 
target horizon (the MES in this 
example), the upper limit of the 
calculation window was 
established 50 ms (twtt) over the 
horizon and the lower limit was 
defined 50 ms (twtt) below the 
horizon.

Extracted amplitude Calculation type
Amin The largest negative amplitudes are stored
Amax The largest positive amplitudes are stored
Amean The mean amplitudes of the interval are stored
Arms The root-mean-squared of the amplitudes are stored

Table II. Algorithms used for amplitude map calculation over the horizons interpreted on the Ebro 
Delta 3D seismic volume. 
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Coherence 

The coherence attribute was developed in the mid-1990s as a group of algorithms that 

measure the trace-to-trace similarity of the seismic waveform within a small analysis window 

[Chopra, 2002; Suarez et al., 2008]. Discontinuities in the layered structure of sedimentary 

rock are shown as discontinuities in reflection continuity, highlighting faults and stratigraphic 

features such as reefs, channel boundaries or deltaic sediments in 3D seismic data volumes 

without the need to line-to-line horizon interpretation, which is time consuming. 

Figure 3.7, Workflow 
scheme for calculation 
of the coherence 
volume.

For this Thesis, coherence extraction along the studied horizons involved the generation 

of a coherence volume (Figure 3.7) using the OpendTect© software [dGB Earth Sciences, 

2015]. In a first step (Figure 3.7), a raw steering volume was created using a BG algorithm –

developed by BG Group – based on the analysis of the gradient of the amplitude data, both 

vertically and horizontally [dGB Earth Sciences, 2015]. The defined calculation stepout was 

1x1x1 (inline, crossline, sample). Later, the raw steering volume was filtered using a median 

filter with a 0x0x4 (inline, crossline, sample) option to remove noise bands related to thin bed 

interference. The resulting detailed steering volume (noise free) was subsequently filtered 

with an average operator of 1x1x1 (inline, crossline, sample) to create a volume that would 

give a more robust extraction of the curvature (Figure 3.7). From this final steering volume, 

the coherency attribute was calculated for the entire seismic data volume. This process 

converts a volume of continuity into a volume of discontinuity, emphasizing lateral changes in 

reflection shape (e.g. faults flexures or stratigraphic features) [Marfurt et al., 1998; Chopra, 

2002]. 
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Figure 3.8. (a) Example faults (black lines) observed cutting the MES horizon (red) over an inline of 
the Ebro Delta 3D seismic volume. (b) The same array of faults on the MES coherence map displayed 
as black N-S lineations (indicated by yellow arrows) characterized by minimum coherence values 
(around 0). The location of the inline displayed on the left is marked by the orange line. 

Once the whole coherence volume was calculated, a coherence attribute map was 

generated for each target horizon in the Ebro Delta 3D seismic volume. To this end, the 

Volume Attribute Calculator included into Kingdom 2d/3dPAK® Software was used. This 

calculation was performed all along an established time-window, which covers 50 ms twtt 

below and 50 ms twtt above the horizon of interest (Figure 3.6). For each point in the defined 

window, the algorithm shifts one of the traces up and down to find the maximum cross-

correlation and awards a value between 0 (not similar at all) to 1 (completely similar).The 

coherence is measured twice, between the current position represented by the vector X and the 

following two vectors: Y (is the vector in the same inline, but on the next crossline) and Z (is 

the vector on the same crossline, but on the next inline) [de Groot, 2006]. 

Average Energy 

The third seismic attribute extracted from the Ebro Delta 3D seismic data volume was 

the average energy, which is a measure of reflectivity within a time window [Rijks & 

Jauffred, 1991; Chopra & Marfurt, 2008]. This attribute enhances, among others, lateral 

variations within seismic events and is, therefore, useful for seismic object detection (e.g. 

chimney detection). The response energy also characterizes acoustic sediment properties and 

bed thickness [dGB Earth Sciences, 2015]. In order to perform the analysis of this seismic 
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attribute, the Petrel E&P© software was used. In this case, the algorithm computes the sum of 

the squared amplitudes divided by the number of samples within a specified window. In this 

case, the window was defined by two target horizons, so that the average energy values 

obtained represented the values for a stratigraphic unit or even a complete stratigraphic 

sequence. 

Figure 3.9. Detail of average 
energy map calculated from a 
stratigraphic unit interpreted in the 
Ebro Delta 3D seismic volume. A 
NW-SE banded pattern 
characterized by medium energy 
values (whitish colors) can be 
observed.
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3.2. Finite Element Modelling (FEM) in Slope Stability Analysis 

To better understand the continental margin configuration in response to the Messinian 

sea-level changes, a large-scale Messinian-type sea-level drawdown was recreated and the 

stability factors at the end of the drawdown were determined. Finite element modelling (FEM) 

analysis was used to simulate excess pore pressure development, drainage patterns and 

deformations of the Messinian continental slopes during the sea-level drawdown. These 

models can perform fully coupled flow-deformation together with the stability analysis to 

address slope stability problems. The problem was investigated using the commercial finite 

element software PLAXIS-2D [Plaxis bv, 2015], designed for two-dimensional geotechnical 

analysis. PLAXIS-2D makes use of advanced constitutive models for the simulation of non-

linear behavior of soils. In order to describe how the FEM is applied to assess the stability of a 

continental slope subject to large-scale sea-level drawdown, the basics of soil mechanics are 

introduced previously in this section. The results of this modelling are discussed in Chapter 6. 

3.2.1. General Soil Mechanics 

Soil in general can be classified as a mass of accumulated mineral particles formed by 

the weathering of rocks where the voids in between these minerals are filled with water and/or 

air [Schofield & Wroth, 1968]. Influenced by gravity, a mass of soil or rock remains stable as 

long as the gravity force is counterbalanced by the reaction forces exerted by the adjacent 

bodies and the terrain. On a flat surface, the force of gravity (g) acts downward, whereas on a 

slope the force of gravity can be resolved into two components [Schofield & Wroth, 1968; De 

Blasio, 2011] (Figure 3.10): 

 Normal stress (n), perpendicular to the slope, which helps to hold the object in place,  

 Shear stress (), tangential to the slope, which pulls the object in the down-slope 

direction. 
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Figure 3.10. Schematic 
drawing of main forces 
acting over a body 
resting on a flat (up) or 
on a bended surface 
(down). g = gravity; n

= normal stress;  = 
shear stress.

The Mohr-Coulomb failure criterion [Coulomb, 1773; Mohr, 1900] is commonly used 

in geotechnical engineering to describe a linear relationship between normal and shear stresses 

at failure as a function of two components: 

 Friction angle (): Angle for a given soil at which shear failure occurs. It depends on 

the body weight and on the roughness of the surfaces involved. 

 Cohesion (c): Force that takes place between adjacent particles and keeps them 

together. It depends strongly on the consistence, packing, and saturation condition. 

Following the Mohr-Coulomb failure criterion, the maximum shear stress that the soil 

can take without failure (f) is given by: 

Eq. 3.1 

In applying this criterion, however, it is necessary to consider the soil as a skeleton of 

solid particles enclosing voids containing air and/or water. When a load is applied to a soil, it 

is carried by the air/water in the pores as well as the solid grains. Accordingly, the total 

normal stress (n) acting on a soil body results from the combination of two components (Eq. 

3.2): 1) the effective stress (’), which is the stress carried by the soil particles; and 2) the pore 

pressure (u), which represents the stress carried by the water/air in the voids [Terzaghi, 1925]. 

This relationship can be expressed as: 



Chapter 3. Methodology 

55 

Eq. 3.2 

External perturbations can cause changes in total stress (such as loading due to 

foundations or unloading due to excavations), or changes in pore pressures (slopes can fail 

after rainfall increases the pore pressures) [De Blasio, 2011]. At any point within the soil 

mass, the magnitudes of both total stress and pore water pressure are dependent on the ground 

water position [Schofield & Wroth, 1968]. With a shift in the water-table level, there is a 

resulting change in the distribution in pore water pressure with depth. A rise in water level 

increases the pore water pressure at all elevations thus causing a decrease in effective stress. 

In contrast, a fall in the water table produces an increase in the effective stress. The increase in 

pressure within the pore water causes drainage (flow out of the soil), and the load is 

transferred to the solid grains  [Schofield & Wroth, 1968]. 

Figure 3.11. Lithostatic or total 
stress (v), hydrostatic pore pressure
(Ph), pore pressure (u) and vertical 
effective stress (v u) with depth 
below the seafloor. Overpressure 
ratio (*) represents the amount of 
sediment load that is fully supported 
by the fluid. Modified from Talling 
et al. [2014]

Further information on the behavior of the system can be obtained from the 

development, distribution and evolution of overpressures (pressure in excess of hydrostatic; 

Figure 3.11). To illustrate overpressure distribution in sediments, the overpressure ratio (λ*) is 

calculated using equation Eq. 3.3, where u is the pore pressure; Ph represents the hydrostatic 

pore pressure; and v is the lithostatic or total stress. It represents the amount of sediment load 

that is fully supported by the fluid [Long et al., 2008]. When λ* = 0, pore pressures remain 
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hydrostatic and the sediment solid matrix fully supports the weight of the body above. When 

λ* = 1, the weight of the body above is fully supported by the fluid. 


Eq. 3.3 

Sediment Behavior in Response to Rapid Drawdown Conditions 

The rapid drawdown condition corresponds to the particular case when totally or 

partially submerged slopes experience a reduction of the external water level so quick that 

slope soils do not have enough time to drain and dissipate the increasing pore pressures 

[Wright & Duncan, 1987; Duncan & Wright, 2005]. In those cases, the stability of a slope 

would depend on its geometry, soil properties and the internal (pore pressures) and external 

(loads) forces to which it is subject to. Sea-level fluctuations change hydrostatic pore water 

pressures (i.e., the weight of the water column), and both seepage-induced and stress-induced 

excess pore pressures develop inside the sediment. Concurrently, the stabilizing effect of the 

water outside the slope is removed. If the soil behaves as permeable, stress-induced pore 

pressures will mostly dissipate during drawdown; however, if the soil behavior tends to 

impervious, it could prevent sufficiently rapid dewatering and seepage-induced and stress-

induced pore pressures would not be likely to dissipate [Schofield & Wroth, 1968]. The rate 

of dissipation depends on the drawdown rate and on the hydraulic conductivity and 

compressibility of the slope sediments [Morgenstern, 1963; Wright & Duncan, 1987; Duncan 

& Wright, 2005; Berilgen, 2007; Highland & Bobrowsky, 2008]. In addition, since drainage 

patterns depend on head differences between continental groundwater and sea level, the 

groundwater seepage generated in response to the sea-level drawdown may contribute to 

excess pore pressures within the continental slope [Locat & Lee, 2002]. 

Rapid drawdown has long been recognized as one of the most severe loading conditions 

that a slope can be subjected to and several large historical slope failures have been 

documented to occur due to rapid drawdown in dams, riverbanks (Figure 3.12) and slopes 

[Morgenstern, 1963; Schuster & Embree, 1980; Wright & Duncan, 1987; Sultan et al., 2004; 
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Duncan & Wright, 2005; Viratjandr & Michalowski, 2006; Berilgen, 2007; Highland & 

Bobrowsky, 2008; Pinyol et al., 2012]. 

Figure 3.12. Section of levee 
slid into the east side of the 
Mississippi River occurred 
shortly after a rapid recession 
of the river’s water level on 
August 23, 1983 at Darrow 
(Louisiana). Extracted from 
Rogers [2011]

Factor of Safety 

There are also a series of forces resisting movement down the slope. Those forces are 

grouped under the term of shear strength (S), and depends primarily on interactions between 

particles [Schofield & Wroth, 1968]. When the shear stress becomes greater than the forces 

holding the particles together, the particles will separate and failure. 

To quantitatively assess the stability of a slope, the Factor of Safety (FS) parameter is 

commonly used. It is the ratio between the available shear strength and the minimum shear 

strength needed for equilibrium (Eq. 3.4). A FS > 1 indicates stability, whereas a FS <1 

implies instability. 

Eq. 3.4 

For the slope stability analysis the strength reduction method (phi-c reduction method; 

Eq. 3.5) is widely used in combination with FEM numerical solutions [Griffiths & Lane, 

1999; Dawson et al., 2000]. The strength reduction method consists in decreasing the strength 
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parameter of the slope until the slope becomes unstable and equilibrium solutions no longer 

exist. By introducing the standard Mohr-Coulomb failure criterion, the FS is therefore: 

Eq. 3.5 

Where c and  are the input strength parameters, n is the actual normal stress 

component, and cr and r are reduced strength parameters that are just large enough to 

maintain equilibrium [Plaxis bv, 2015]. This method typically offers a number of advantages 

over traditional limit equilibrium method. For instance, it gives more conservative results and 

guarantees the existence of a limit state for frictional soils [Swan & Seo, 1999]. It also 

eliminates the need for a priori assumptions on the shape or location of the failure surface 

[Huang & Jia, 2009]. 

3.2.2. Specific Considerations for Modelling Continental Slopes 

The typical sediment type on continental margins is hemipelagic sediments, which 

consist primarily of a mixture of calcareous or siliceous shells of phytoplankton or 

zooplankton settling out from the water column, and clay to silt-size siliciclastic sediments 

delivered to the ocean by rivers or by direct runoff from land [Boggs, 1995]. Commonly, these 

kind of sediments may be considered as permeable so the fluid can move through the different 

layers, the pore water can dissipate during consolidation and the resulting excess pore pressure 

is zero. In this situation and in absence of external loads, sediments are in equilibrium with the 

hydrodynamic conditions now existing on the margin and may be considered stable [Boggs, 

1995]. 

However, changes in the equilibrium conditions of the continental margin or sudden 

external perturbations can disrupt the balance of shear stress and shear strength causing 

failure. Slope failure is commonly controlled by a combination of short-term triggering 

mechanisms and long-term conditioning factors (Table III). Triggering mechanisms are 

external stimulus usually responsible for an increase in shear stress, making the slope 

conditionally unstable and considered as the final cause of failure [Sultan et al., 2004]. 

Preconditioning factors are defined as the physical and geotechnical properties of sediments 
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resulting from initial deposition and post-depositional alteration – usually resulting in a 

reduction of sediment shear strength – which contribute to instability but may not initiate 

failure [Locat & Lee, 2002; Masson et al., 2006; Ercilla & Casas, 2012]. 

Preconditioning Factors Triggering Mechanisms
Slope angle Slope over-steepening

Mass-movement history Earthquakes
Unloading Storm-wave loading

High sedimentation rates and under 
consolidation* Diapirism

Existence of a weak layer Glacial loading
Climate changes over hundreds of years Gas hydrate dissociation

Groundwater flow* Volcanic island processes
Gas charging* Low tides

Table III. Main triggering mechanism and preconditioning factors responsible for submarine slope 
failure [Locat & Lee, 2002; Masson et al., 2006]. Preconditioning factors marked by an asterisk (*) are 
related to overpressures development. 

One of the main preconditioning factors leading to a decrease in sediment shear 

strength is overpressure generation, which can be induced by high sedimentation rates, gas 

charging, cyclic strength degradation, groundwater flow… (Table III). As introduced 

previously, one of the factors that may contribute to develop these excess pore pressures 

within a continental slope is the particular case of rapid drawdown previously introduced in 

this Thesis. In some cases, the resulting fluid overpressure is not, by itself, enough to result in 

slope failure but may act as an efficient preconditioning factor, reduce the stability of slopes 

and facilitate landslide initiation with relatively weak triggers [e.g. Lee et al., 2009; Stigall & 

Dugan, 2010; Urgeles et al., 2010; Urgeles, 2012; Talling et al., 2014]. 

3.2.3. Slope Stability Analysis in PLAXIS-2D 

In order to better understand the continental margin configuration during the large-scale 

Messinian sea-level drawdown, a series of three-step FEM analysis were performed using 

PLAXIS-2D© software. In the first step, initial field stresses and pore water pressure under 

initial high sea-level conditions were calculated (Figure 3.13a). The second step simulates the 
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Messinian sea-level drawdown using a coupled transient seepage and deformation analysis 

(Figure 3.13b). Finally, a slope stability analysis was performed. 

For understanding how PLAXIS-2D generates pore pressures for each calculation phase 

and how those are transferred to the deformation analysis, some remarks on the parameters 

definition are needed [Plaxis bv, 2015]. For performing effective stress analysis PLAXIS-2D 

follows Terzaghi’s [1925] equation (Eq. 3.2) and divides total stresses into effective stresses 

(’), and active pore pressures (pactive). It is important to note that sign convention in PLAXIS-

2D defines all the output data (i.e. compressive stresses and forces, including pore pressures) 

as negative, whereas tensile stresses and forces are taken to be positive. Active pore pressure 

(Eq. 3.6) is defined as the effective saturation (Seff) times the pore water pressure (pwater). 

Hence, pactive and pwater differ when the degree of saturation is less than unity (above the 

phreatic level; Figure 3.13). 

Eq. 3.6 

A further division is introduced by PLAXIS-2D (Eq. 3.7) between excess pore 

pressures (pexcess) and steady-state pore pressures (psteady) [Plaxis bv, 2015]. Steady-state pore 

pressures are considered the long term part of pore pressures (usually termed hydrostatic pore 

pressure, Ph), which is supposed to be input data for the deformation analysis (generated on 

the basis of phreatic levels or by groundwater flow calculation). Excess pore pressures (or 

overpressures), however, are the instationary part of pore water pressure that is generated 

during plastic calculations as a result of changes in the hydraulic conditions, which result in 

stress changes. 

Eq. 3.7 

The details of the construction sequence adopted for the drawdown simulation and 

stability analysis are given below: 

1. Calculation of initial field stresses and pore water pressures under initial sea-level 

conditions (Figure 3.13a): The starting point of the modelling approach is a body of 

sediment which has attained a state of gravitational equilibrium under its own weight 
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and has zero excess pore pressure, so it is under hydrostatic conditions. Initial stresses 

are generated applying the soil self-weight. Steady-state pore pressures are calculated 

according to the input of hydraulic boundary conditions (0 m sea-level head) assigned 

to the soil layers [Plaxis bv, 2015]. The following quantities are calculated and are 

considered as input for the later deformation analysis: global water level, water load 

on external model boundaries, pore pressures distribution in clusters (p1,steady in Figure 

3.13a). 

Figure 3.13. Workflow scheme for coupled flow-deformation analysis in PLAXIS-2D under sea-level 
drawdown conditions. a) Continental margin is completely submerged and initial hydrostatic conditions 
are assumed: Pore water pressures (Pactive = Psteady) = hydrostatic ; Effective saturation (Seff) = 1; and 
excess pore pressure (p1,excess) = 0. b). Hydraulic boundary conditions after sea-level drawdown. The 
resulting effective saturation (Seff) and the new steady-state pore pressures (p2,steady) in the unsaturated 
zone are calculated based on the new hydraulic conditions at the end of the phase. The excess pore 
pressures (p2,excess) are calculated by subtracting the final steady-state pore pressures (p2,steady) from the 
initial pore water pressures (p1,water). 

2. Fully-coupled flow-deformation analysis during sea-level drawdown (Figure 3.13b): 

The Messinian sea-level drawdown conditions are simulated and the simultaneous 

development of deformations and pore pressures analyzed. A transient groundwater 

flow calculation is carried out and the new steady-state pore pressures (p2,steady) are 

calculated based on the new hydraulic conditions at the end of the phase. This enables 

the back-calculation and output of excess pore pressures (p2,excess) by subtracting the 

p2,steady from the previous pore water pressures (p1,water) (Figure 3.13). As excess pore 

pressures occur as a result of stress changes in undrained materials, they are 

considered a result of a deformation analysis. 
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3. Slope stability analysis: The slope stability analysis was performed during sea-level 

drawdown by finite mesh analysis using the stresses resulting from the coupled flow-

deformation analysis (Figure 3.13b) and the FS computed through the strength 

reduction method previously introduced [Griffiths & Lane, 1999; Dawson et al., 

2000]. Using this method, the sliding surface does not need to be defined beforehand 

and is automatically found, therefore, a shear surface closer to the natural sliding 

surface is defined [Griffiths & Lane, 1999; Dawson et al., 2000]. 

3.2.4. 2D Soil Model Architecture 

The 2D stratigraphic model defined in this Thesis is a simplified continental margin 

model with parallel-type bedding. The model does not intend to reproduce all the detailed 

aspects of a particular margin (i.e. changes in lithology as well as progradation-aggradation 

and variations of the two latter through eustatic cycles). It represents a simplistic stratigraphic 

model that could reproduce a first-order approximation to the effect of sea-level variations 

such as those of the Messinian in continental slope stability. For this, the present-day Ebro 

margin (northeastern Valencia Trough) has been taken as example (Figure 3.14). In this area, 

the seismic data analyzed in this Thesis – presented in Chapter 5 – and previous studies 

[Maillard et al., 2006a] describe a series of Messinian chaotic bodies suggested to be related 

to slope instabilities associated to the Messinian sea-level changes. This margin has served as 

a model to define the morphology, architecture and material properties of the 2D soil model 

(Figure 3.14). 

Some general assumptions with regards to material behavior, stress states, geometry, 

boundary conditions and parameter selection must be made in order to perform the numerical 

analysis (Figure 3.14): 1) Horizontal and vertical displacements are restricted to zero at the 

bottom boundary; 2) Horizontal displacements are restricted to zero at the side boundaries; 3) 

The gravity is 9.8 m/s2; 4) Closed consolidation boundaries are set at the sides and bottom 

boundaries, while the top of the geometry is set as an open consolidation boundary.  



Chapter 3. Methodology 

63 

Figure 3.14. Geometry of the 2D soil model with morphology based on the present-day Ebro margin 
(northeast Valencia Trough). Colored map on the upper left corner shows present-day slope angles 
(from 0 to 10º) observed at the Ebro margin and that were used to define the 2D model geometry. 
Maximum angles (~5º) are observed on the upper slope, whereas an average angle of ~2º characterizes 
the lower slope. Displacement boundary conditions are represented by grey triangles (e.g. the base is 
fixed against movement in both x- and z- direction). Color coding represents the initial porosity 
distribution (see Table IV at the end of this Chapter).

The continental margin has been simulated as a 75 km long, 2 km thick, 10-layer 

stratigraphic model with depth-dependent soil characterization (Figure 3.14). In this model, 

the variation of physical properties largely depends on overburden and therefore the margin 

layering does not reflect typical layer configuration on a continental margin, but is rather 

seafloor parallel. Because physical properties change rapidly in the first hundreds of meters 

beneath the seafloor and then values tend to remain relatively constant – which represents the 

depth where instability processes are more likely – the thickness of the stratigraphic layers of 

the model were defined to decrease from bottom to top (see Table IV at the end of this 

Chapter). The mesh generation process is based on a robust triangulation procedure that takes 

into account the soil stratigraphy as well as the structural objects, loads and boundary 

conditions [Plaxis bv, 2015]. The resulting mesh in the model contains 9679 15-node 

triangular elements (Figure 3.15) refined around the shallower layers where large deformation 

gradients are expected. It provides a fourth order interpolation for displacements and the 

numerical integration involves 12 Gauss points (or stress points; Figure 3.15) inside each 

triangular element. An example of the meshing is illustrated in Figure 3.15. The model space 

is enough for boundary conditions not to affect the output in the area of interest. 
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Figure 3.15. Left: Detail of the triangular-element mesh used for FEM calculation. Note the refinement 
of the elements around the shallower layers where large deformation gradients are expected. The 
resulting mesh for the whole model contains 9679 elements. Color scale represents the quality of the 
nodes in the mesh. Right: Position of nodes and Gauss points (stress points) in soil elements. Modified 
from Plaxis bv [2015]. 

The material behavior used in the simulations is based on the linear elastic perfectly 

plastic Mohr-Coulomb model, which generates normal and shear stress at all Gauss points 

(Figure 3.15) within the mesh. These stresses are then compared with the Mohr-Coulomb 

failure criterion previously introduced previously introduced. Overall shear failure occurs 

when a sufficient number of Gauss points have yielded to allow a failure mechanism to 

develop [Plaxis bv, 2015]. 

3.2.5. Constraints on Sediment Physical-Mechanical Properties 

Most of the physical-mechanical properties used to define the 2D-stratigraphic model 

are based on or derived from geophysical logs collected along FORNAX-1 well (see Figure 

3.2 for location) and available information from cores collected in the study area. Those 

parameters that have not been possible to determine directly from the dataset used in this 

Thesis were extracted from available bibliographic references. Following results from most 

geotechnical experiments, marine sediments are considered non-cohesive [Dugan & Flemings, 

2000] and normally consolidated because of the long time scales involved in their deposition 

[Poulos, 1988]. The material properties used in this Thesis are summarized in Table IV

located at the end of this Chapter. 
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Sediment porosity () was determined from P-wave velocity data acquired in 

FORNAX-1 well. First, P-wave velocity data were converted to bulk density using the 

Gardner et al.’s [1974] equation: 

Eq. 3.8 

where b is the bulk density (kg/m3), Vp is the P-wave velocity (m/s), and 310 and 0.25 

are empirically derived constants. Then, porosity () was determined assuming a grain density 

(s) of quartz of 2680 kg/m3 and a marine water filled voids (i.e. w = 1024 kg/m3): 

Eq. 3.9 

Finally, the porosity-depth relationship (Figure 3.14) resulting after Athy’s [1930] 

equation was: 

Eq. 3.10

where  is the porosity at the seafloor defined as 0.479, z is the sediment depth below 

seafloor (m) and b is a compaction coefficient (m-1) with a defined value of 0.00042. As 

engineering disciplines commonly use void ratio (e) rather than porosity as a measure of the 

void in a material, conversion between both parameters is made as follows: 

Eq. 3.11

Final values defining the 2D-stratigrahic model ranges from 0.48 to 0.23 for sediment 

porosity (Figure 3.14) and from 0.90 to 0.31 for void ratio. 

The saturated (sat) and unsaturated (unsat) specific weights of the soil layers were 

derived from void ratio values using the following equations: 

Eq. 3.12
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Eq. 3.13

where Gs is the specific gravity of the soil (Gs=s/w). Resulting values for saturated 

and unsaturated specific weights range from 18.59 to 22.48 kN/m3 and from 13.83 to 20.12 

kN/m3, respectively. 

Hydraulic conductivity (K) of silty-clay marine sediments depends linearly on porosity, 

commonly decreases over several orders of magnitude with depth and has a mean anisotropic 

ratio (kx/ky) of 10 due to compaction during burial and reorientation of soil particles [e.g. Long 

et al., 2008]. The porosity-hydraulic conductivity relationship used in this Thesis was derived 

from empirically established linear equations defined for natural marine samples from the 

Gulf of Mexico by Bryant et al. [1975] and subsequently supported by Binh et al. [2009]. 

Since the objective of this Thesis is to reproduce a general model of a Messinian continental 

margin, the final equation (Eq. 3.14) proposed by Bryant et al. [1975] from the statistical 

analysis of all marine samples was used for the definition of the hydraulic conductivity of the 

model. The values derived from Eq. 3.14 were used as vertical hydraulic conductivity (ky), 

whereas the horizontal hydraulic conductivity (kx) was defined taking an anisotropy 

coefficient (kx/ky) of 10. 

Eq. 3.14

When implementing the Mohr-Coulomb soil model in PLAXIS-2D five specific input 

parameters required include: 

 Effective friction angle (φ’): The friction angle determines the shear strength of the 

soil. Values for effective friction angle of marine sediments range commonly between 

20º and 45º [Baraza et al., 1990, 1992; Dugan & Flemings, 2002; Sultan et al., 2007a; 

Urgeles et al., 2007; Dugan & Germaine, 2008; Sawyer et al., 2009; Dugan, 2012; 

Lafuerza et al., 2012]. Consolidated, undrained triaxial tests carried out in sediments 

of the Valencia Trough area by other authors reported friction angles of 28º [Lafuerza 
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et al., 2012] and ~31º (for the upper slope; Baraza et al. [1990]). Based on these 

values, about a friction angle of 30º has been adopted for the stratigraphic model 

definition. Additionally, friction angles between 20º and 45º have been tested to 

determine the sensitivity of the results to the parameter values used in the analysis. 

 Effective cohesion (c’): Typical value of cohesion for normally consolidated marine 

sediments is 0 kN/m2 [Dugan & Flemings, 2000]. In order to avoid convergence 

errors, the effective cohesion for the 2D-stratigraphic model was set at 0.1 kN/m2. 

 Dilatancy angle (ψ): The dilatancy angle is the measure of the change in volumetric 

strain with respect to the change in shear strain [Plaxis bv, 2015]. Normally-

consolidated clayey soils tend to have little dilatancy (ψ ≈ 0) [Plaxis bv, 2015], so the 

dilatancy angle adopted for the stratigraphic model definition is taken as zero. 

 Effective Poisson’s ratio (‘ν): For most materials, effective Poisson ratio is between 

0.3 and 0.4 [Plaxis bv, 2015]. For modelling conditions where the soil behavior is 

considered as undrained, the PLAXIS-2D manual suggest that ν’ should be smaller 

than 0.35 [Plaxis bv, 2015]. Therefore, a value of 0.33 was assigned to the soil 

materials. 

 Young’s modulus (E): PLAXIS-2D uses the Young’s modulus as the basic stiffness 

modulus in the Mohr-Coulomb model. Additionally, the software offers the option for 

the input of other stiffness-related parameters, such as the compression wave velocity 

(P-wave). In order to define the stiffness of the material layers, the P-wave values 

collected along FORNAX-1 well were used as input. Additionally, the sensitivity of 

the model results to the Young’s modulus values has been tested by increasing and 

decreasing the Young's modulus by 25 to 75% over the reference value data obtained 

FORNAX-1 well. 
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Parameters Symbol Units
Values Layers

1 2 3 4 5 6 7 8 9 10

Thickness - m 50 50 50 50 50 100 200 400 500 500

Effective friction angle φ’ deg 30

Effective cohesion c’ kN/m2 0.1

Dilatancy angle ψ deg 0

Young’s modulus E (x106) kN/m2 2.1 2.3 2.5 2.7 3.0 3.3 4.1 5.9 9.4 14

Effective Poisson’s ratio ν’ - 0.33

Porosity  - 47.7 46.4 45.5 44.5 43.6 42.2 39.7 35.0 28.9 23.5

Unsaturated unit weight of soil γunsat kN/m3 13.83 14.09 14.34 14.59 14.83 15.19 15.87 17.10 18.68 20.12

Saturated unit weight of soil γsat kN/m3 18.59 18.75 18.91 19.06 19.21 19.43 19.85 20.61 21.59 22.48

Horizontal hydraulic conductivity Kx (x10-3) m/day 11 9.4 8.1 7.0 6.0 4.9 3.3 1.5 0.55 0.18

Vertical hydraulic conductivity Ky (x10-4) m/day 11 9.4 8.1 7.0 6.0 4.9 3.3 1.5 0.55 0.18

Table IV. Material properties for the Messinian continental margin stratigraphic model considered in the FEM analysis 
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Chapter 4. Late Miocene Sedimentary Architecture of the 
Ebro Continental Margin 

As it was introduced in Chapter 1, the Messinian Salinity Crisis (MSC) resulted from a 

significant multi-phase drop and subsequent reflooding of the Mediterranean Sea from 5.97 to 

5.33 Ma.. One of the most striking features associated to this event is the resulted 

paleomorphology of the Mediterranean margins resulting from the combination of the 

widespread erosion of the continental shelf and slope, the regressive erosion at the mouth of 

the main Mediterranean rivers, and the development of step-like profiles and abrasion 

platforms [Chumakov, 1973b; Clauzon, 1973, 1978, 1982; Barber, 1981; Druckman et al., 

1995; Frey-Martinez et al., 2004; Lofi et al., 2005; Maillard et al., 2006a; Bertoni & 

Cartwright, 2006; Bache et al., 2009, 2012; García-García et al., 2011; Urgeles et al., 2011]. 

Although the resulting Margin Erosion Surface (MES) has been one of the most analyzed and 

discussed topics since the definition of the Messinian Salinity Crisis, the processes responsible 

for their development are not fully understood. From the analysis of 3D seismic reflection 

data introduced in the Methodology, this Chapter examines the Late Miocene seismic 

stratigraphy of the Ebro continental margin in order to constrain the genetic mechanisms and 

phases that led to the formation of the step-like profile of the MES. The study area presents an 

additional complexity since the timing – pre-, post- or Messinian??? – and processes related to 

the capture of the adjacent subaerial Ebro Basin (Figure 2.4) towards the Mediterranean Sea is 

still contentious. Therefore, this Chapter also analyzes the stratigraphic results on the context 

of the timing of the capture of the subaerial Ebro Basin and discusses their possible relation to 

the Messinian Event. 

4.1. Seismic Stratigraphy Analysis of the Ebro Delta 3D Seismic Volume 

The present-day seismic stratigraphy of the Ebro margin (Figure 4.1) is dominated by 

two major megasequences separated by a well-defined erosional unconformity corresponding 

to the MES [Frey-Martinez et al., 2004; Bertoni & Cartwright, 2005; Kertznus & Kneller, 

2009; Urgeles et al., 2011] (Figure 4.2 and Figure 4.3). In this Thesis, the stratigraphic 

interval of interest involves the lower megasequence: from the early post-rift deposits (~16-20 
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Ma, Early Miocene) [Bartrina et al., 1992; Roca & Guimerà, 1992; Maillard & Mauffret, 

1999; Roca et al., 1999] to the erosional unconformity identified as the MES (5.33 Ma; Late 

Miocene) [Ryan, 1976; Lanaja, 1987; Escutia & Maldonado, 1992; Frey-Martinez et al., 2004; 

Maillard et al., 2006a; Bache et al., 2009]. This Miocene depositional megasequence 

corresponds to the Castellon and Alcanar Groups as identified from well data by Lanaja 

[1987] and is enclosed between 1.22 and 3.49 s twtt in the 3D seismic volume (Figure 4.2 and 

Figure 4.3), with a maximum thickness of 1.1 s twtt. 

Figure 4.1. Detail of survey area with shaded relief bathymetry extracted from the 3D seismic volume 
(black box). Green lines show location of inline and crosslines discussed in this Chapter. Inline sections 
are 63 km long and parallel to the margin strike. Crossline sections are 47 km long and almost 
perpendicular to the margin strike. Yellow circle locates FORNAX-1 well discussed in this Thesis. 
Color scale is in meters below sea level (mbsl). 
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Figure 4.2. Crossline extracted from the 3D seismic volume and corresponding interpretation (see inset 
for location). Major reflectors and units are labeled. SF: Seafloor, PT: Plio-Pleistocene boundary, MES: 
Messinian Erosional Surface; TSU: Top of Syn-Rift Sedimentation Unconformity, TMMU: Top of the 
Middle Miocene Unconformity, PrM-A to PrM-F: additional reflectors used for Miocene depositional 
reconstruction. Red dots mark the slope-break of major Plio-Pleistocene clinoforms. FORNAX-1 well 
is also located. Vertical scale is in seconds of two-way travel time (twtt). 
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Figure 4.3. Inline extracted from the 3D seismic volume and its interpretation. Major reflectors and 
units are labeled (see inset for location and Figure 4.2 for labels). Red dots mark the slope-break of 
major Plio-Pleistocene clinoforms. FORNAX-1 well is also located. Vertical scale is in seconds twtt. 

In order to understand the Miocene depositional patterns it is first important to know 

the seismic basement geomorphology and its structural pattern, which will initially govern the 

loci of deposition. In the study area, the seismic basement is either Mesozoic or Paleozoic in 
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age [Lanaja, 1987] and shows a structure characterized by a series of NE-SW dipping normal 

faults resulting in an E-W horst-and-graben structure with elevation differences of ~0.4 s twtt. 

The main array of NE-SW trending normal faults, parallel to the present-day coastline, does 

not generally cut through the upper Miocene megasequence. The faults are ~2-18 km long, 

most commonly dip to the SE and show a maximum fault slip of ~0.12 s twtt. A chaotic syn-

rift depositional sedimentary package is often associated to the major faults. A secondary 

array of less numerous normal faults is observed in the northern corner of the study area with 

a general E-W orientation. These faults have a maximum fault slip of ~0.18 s twtt and seem to 

have a remarkable control on the large-scale morphology of the seismic basement. 

4.1.1. Miocene Seismic Geomorphology 

Two units have been identified within the Miocene megasequence (Figure 4.4): the 

Middle Miocene Unit and the Late Miocene Unit separated by the Top of the Middle Miocene 

Unit downlap surface. Within the Late Miocene Unit, six clinoform surfaces have been 

mapped (named from PreMES-A to PreMES-F), which define subunits B-1 to B-7 (Figure 

4.2, Figure 4.3 and Figure 4.4). 

Top of Syn-Rift Sedimentation Unconformity 

The Top of Syn-Rift Sedimentation Unconformity truncates the reflectors and chaotic 

facies belonging to the Early Miocene syn-rift seismic unit and occasionally the low 

amplitude seismic boundary recognized as the Mesozoic/Paleozoic basement. It is 

characterized across the entire survey by a high amplitude reflector gently dipping 

southeastward (Figure 4.2 and Figure 4.3). This surface shows a major NE-SW oriented ridge 

and trough fabric inherited from the series of horst-and-grabens (Figure 4.5) that were formed 

as a consequence of the main rifting phase affecting the Mesozoic/Paleozoic basement during 

the Oligocene [Dañobeitia et al., 1990; Escutia & Maldonado, 1992] and later erosion. Normal 

faults delimiting the blocks have an ENE-WSW orientation, which coincides with earlier 

interpretation of the structural fabric in the area [Roca & Guimerà, 1992]. 
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Figure 4.4. Up: Isochore maps for the Middle Miocene Unit (MMU) and the Late Miocene Unit 
(LMU). The Late Miocene Unit (LMU) includes 2 clinoform sets. Black boxes on maps indicate the 
areas with thicker sediment accumulation. Color scale is in two-way travel time seconds. Red line 
marks the location of the seismic profile displayed below. Down: Crossline displays the same units, 
with change of depositional pattern inside the Late Miocene Unit (Sets 1 and 2). B1 to B7 corresponds 
to Subunits B1 to B7. Red box in seismic section and corresponding close-up (lower left corner) shows 
detail of upper subunits (possibly Messinian in age) onlapping over lower subunits (pre-Messinian). 

Top of the Middle Miocene Unit 

The Top of the Middle Miocene Unit displays quasi-planar parallel reflections with 

good lateral continuity (Figure 4.2 and Figure 4.3). The reflections often terminate as onlap on 

elevations of the syn-rift substratum. Morphology reflects the horst-and-graben structure of 

the lower basement, attenuating depressions within the Top of the Syn-Rift Sedimentation 

Unconformity (Figure 4.5). The bowl-shaped depressions that occur within the grabens 

largely result from compaction due to the thick overburden (Figure 4.2), as there is little 

faulting affecting the Top of the Middle Miocene Unit. 
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Figure 4.5. Time structure maps showing the margin morphology after deposition of each subunit. The 
main fault systems affecting the basement are represented in red in the Top of the Syn-Rift 
Sedimentation Unconformity (TSU) map. Where erosion during the MSC completely removed the 
subunit, a suggested reconstruction of the horizon is shown by dashed contour lines. Contours are 
plotted every 0.1s twtt. 

Clinoforms within the Late Miocene Unit 

In general terms, the six intra-Miocene reference surfaces (PreMES-A to PreMES-F) 

are characterized by simple sigmoidal clinoforms exhibiting a mainly progradational geometry 

(Figure 4.2 and Figure 4.3). The time structure maps (Figure 4.5) show that all intra-Miocene 

progradations display a clear southeastward dip direction, with the clinoforms progressively 

spreading south and basinward (Figure 4.5) and downlapping on the Top of the Syn-Rift 

Sedimentation Unconformity at increasing offshore distance (Figure 4.2 and Figure 4.3). 
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Similarly to the Top of the Middle Miocene Unit, reflectors display a bowl-shaped 

morphology that most probably results from post-depositional compaction (Figure 4.3). 

Horizon Distance from present-day coastline (km)

PreMES-A 38.5

PreMES-B 41.0

PreMES-C 42.0

PreMES-D 43.5

PreMES-E 46.5

PreMES-F 48.0

MES 49.5

Plio-Pleistocene 55.5

Present-day ~70.0

Table V. Location of the slope-break for each studied horizons from the present-day coastline position. 
See also Figure 4.6. 

Several topsets of the clinoforms are truncated by the MES due to the incision of the 

valley and complex dendritic network of tributaries identified by Urgeles et al. (2011) as the 

paleo-Ebro River. Despite this the characteristic topset, foreset and bottomset geomorphology 

of clinoforms can still be clearly recognized (Figure 4.4). The topset strata consist of parallel, 

continuous, horizontal and high amplitude reflections (Figure 4.2). The position of the slope-

break for the reference surfaces was mapped in those areas not affected by erosion, displaying 

a continuous basinward shift (see Table V and Figure 4.6). 
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Figure 4.6. Basinward slope-break displacement for each studied surface. Base map corresponds to the 
amplitude map of the MES, where dark colors represent higher amplitudes and lighter colors lower 
minimum amplitudes. See Table V in the text for resulting distances from present-day coastline. The 
graph represents the age of progradation of the studied horizons. Referenced ages are labeled (Base 
Serravallian, Top Messinian and Plio-Pleistocene Boundary), while ages for intra-Miocene and intra-
Pliocene subunits have been linearly interpolated between reference surfaces. 

Average energy maps show distinct regions that are organized roughly parallel to the 

present-day margin strike (Figure 4.7). The most proximal region, with higher average energy 

(red colors) is located between the present-day coastline and the position of the slope-break. 

The second region is bounded by the offlap-break and extends basinward to the SE limit of the 

survey area. Here, the average energy maps display a banded pattern perpendicular to the 

offlap-break with alternating medium (lighter colors) and low energy values (Figure 4.7). The 

lowest energy values occur along linear SE dipping depressions. These along-dip energy 

variations probably correspond to submarine channels and sediment pathways on a slope 

system. Channels are sometimes grouped in a dendritic pattern with tributaries of maximum 2 

orders. The number of channels decreases offshore while their width tends to increase slightly. 

The temporal trend indicates an increase on the width and depth of the channels with respect 
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to the previously described surfaces, particularly in the head region. A similar trend also 

develops in the Pliocene-Pleistocene megasequence [Kertznus & Kneller, 2009]. 

Figure 4.7. Average energy maps for the two sets of prograding clinoforms within the Late Miocene 
Unit (LMU) providing insights into basinward margin progradation and sedimentation patterns. 

Messinian Erosional Surface 

The MES constitutes the top of the studied seismic interval and is recognized all along 

the survey area as a major and relatively complex unconformity (Figure 4.8). This erosional 

surface has been mapped by Kertznus and Kneller [2009] and Urgeles et al. [2011] and is 

described in detail by the latter study. Numerous wells in the Ebro margin confirmed that the 

deeply incised erosional surface corresponds to the MES [Lanaja, 1987]. The time structure 

map (Figure 4.8) shows the surface structured both in the NW-SE and NE-SW directions. 

Perpendicular to the shoreline, a clear, major NW-SE oriented valley can be recognized 

intersecting two topographic highs (red colors in Figure 4.8). This valley is characterized by a 

complex dendritic and laterally highly variable geometry, with tributaries of at least 5 

different orders that carved ~1300 m in the Miocene succession [Urgeles et al., 2011]. 

The minimum amplitude map in Figure 4.6 reveals in more detail the complex dendritic 

system of canyons and channels. The valley is characterized by low minimum amplitude 

values (lighter colors), with a cross-section showing a stepped profile reminiscent of terraces 

and a major axial channel with well-developed meanders. The main Messinian valley cuts the 
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deepest incision in the topsets and continues basinward incising the foreset to a lesser extent 

(Figure 4.4¡Error! No se encuentra el origen de la referencia., Figure 4.5 and Figure 4.8). 

Combination of the minimum amplitude map and the time- structure map (Figure 4.5

and Figure 4.6) allow defining three major morphological regions with a general NE-SW 

trend (Figure 4.4). These regions are bounded by two regional slope-breaks located ~49.5 and 

70 km seaward from the present-day coastline. From proximal to distal areas, the MES 

morphology displays: a rough (Region I), a smooth (Region II) and a steep region (Region III) 

(Figure 4.4), as was previously reported by Urgeles et al. [2011], and similar to that reported 

by Lofi et al. [2005] in the Gulf of Lions. 

 Region I: It is the most proximal region (Figure 4.4) and the one that presents the 

lowest negative amplitude values (Figure 4.6). The high soft reflection 

corresponds to a rough relief sculpted by an intricate drainage network (Figure 

4.8), with most of the identified streams coalescing in the main valley. Most of 

these streams and valleys display the lowest minimum amplitudes (lighter colors). 

 Region II: It is the area bounded by the two identified slope-breaks (Figure 4.4). It 

presents a relative low and smooth relief dipping gently to the SE (Figure 4.8). 

The transition between the proximal rough, badland-type relief (Region I) to the 

distal smooth surface (Region II) occurs at consistent depths on the seismic 

profiles throughout the entire survey area, ranging from 1.4 to 1.7 s twtt (Fig. 6). 

Similar morphologies associated with the MSC have been reported along the 

Mediterranean Basin at coincident depths/time intervals [Bache et al., 2009; 

García et al., 2011]. The minimum amplitude map (Figure 4.6) reveals several 

minor drainage systems originating along the major and most proximal slope-

break. Most streams have a branched head, merging downslope into a single axis 

along the Region II and, in some instances, branch again at the most distal slope-

break, where they all fade-out. 
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Figure 4.8. Up: Time-
structure map displaying the 
MES. White circles with 
numbers correspond with the 
channels identified in the 
inline below. Blue line shows 
location of the seismic profile 
below. Contours are plotted 
every 0.1 s twtt. Down: Inline 
seismic section from the 
topset region showing several 
truncations related to the 
MES, especially in areas 
coinciding with the 
Messinian Ebro River and 
major tributaries. Black 
arrows mark severe 
truncation related to studied 
horizons. Note that PreMES-
F has been entirely removed 
from the area.

 Region III: The time structure map (Figure 4.8) suggests a third region in the 

southwestern most distal fringe of the 3D seismic survey. This region dips 

smoothly basinward and shows almost no evidences of erosive features. Indeed, 

crosslines display conform parallel reflector in this region (Figure 4.2). 

4.1.2. Miocene Units: Isochore Maps and Internal Structure 

The reference horizons described above, define eight depositional units within the study 

interval (Figure 4.4 and Figure 4.9). The earliest post-rift unit, the Middle Miocene Unit 

(Figure 4.4), is comprised between the Top of Syn-Rift Sedimentation Unconformity and the 

Top of the Middle Miocene Unit, with a maximum thickness of 0.48 s twtt. The unit displays 

sub-parallel acoustic facies that pond in the troughs and pinch out by onlapping the structural 

highs (Figure 4.2 and Figure 4.3). This depositional pattern is controlled by the horst-and-

graben topography of the Top of Syn-Rift Sedimentation Unconformity, with infill of the 

main depressions (Figure 4.4 and Figure 4.9). 
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The isochore maps (Figure 4.9) of the various subunits within the Late Miocene Unit 

display a clear change in depositional regime in comparison with the Top of Syn-Rift 

Sedimentation Unconformity, with two sets of prograding clinoforms (Figure 4.4). The first 

set (subunits B-1 to B-3; Figure 4.4 and Figure 4.9) has a maximum thickness of 0.61 s twtt, 

and starts with depocenters located on the northern part of the survey area. Sediment 

distribution within this first set is still partly controlled by the basement horst-and-graben 

structure. Subunit B-1 shows a lobate geometry close to the present-day Ebro River’s mouth. 

The following subunits are more sigmoidal and show continuous and laterally persistent 

reflectors, resulting in subparallel acoustic facies associated with well-developed toplap 

geometries. The reflections within the foreset region are more transparent and exhibit an 

undulating geometry (Figure 4.2 and Figure 4.3). Migration of depocenters between subunits 

B-1 and B-3 occurs first basinward and then southward (Figure 4.9). This shift in depocenters 

suggests an along-shore sediment transport with infill taking place from N to S-SE in the 

survey area. 

The second set of clinoforms (subunits B-4 to B-7; Figure 4.9) is partially truncated by 

the MES (particularly its topset region; Figure 4.8), so the maximum thickness actually 

displayed (0.69 s twtt) does not correspond to the original depositional thickness. With 

subunit B-4 the depocenter moves back to the north (Figure 4.9), closer to the present-day 

Ebro River’s mouth, and in the area encompassing the course of the Messinian Ebro River. 

The maximum thickness occurs on both sides of the erosion related to the Messinian Ebro 

River (Figure 4.9), just at the foot of the boundary between Regions I and II on the MES. 

Subsequently, subunits B-5 to B-7, migrate southward and basinward (Figure 4.9), in the same 

way as that observed for the first set. In the foreset region, these subunits display undulating 

geometries in inline sections (Figure 4.2 and Figure 4.3) and a banded pattern in the energy 

map (Figure 4.7). They are possibly related to channel-levee systems and other sediment 

pathways. Evolution of depocenters indicates a prevailing progradation and shore-longitudinal 

sediment transport as observed in the first set of clinoforms. 
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Figure 4.9. Isochore maps displaying depocenter location for each subunit. For Subunits B-4 to B7, the 
displayed thickness is a minimum thickness. The squared pattern indicates areas where the respective 
subunits were fully eroded during the MSC. Thickness is in seconds of two-way travel time. 
Underlying grayscale maps show amplitudes of surface on which the different subunits were deposited 
(dark colors represent higher amplitudes and lighter colors, lower minimum amplitudes). MMU: 
Middle Miocene Unit. 

Data collected from FORNAX-1 well (see Figure 4.1 for location) identified this unit as 

part of the prograding megasequence defined from industry well data as the Castellon Group 

[Lanaja, 1987]. Two lithostratigraphic formations dated from late Serravallian to Tortonian 

are distinguished: a) the lower formation mainly comprises grey-brown clays interbedded with 

sandstones layers, and interpreted as the Castellon Shales formation; and b) the upper 
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formation, including brown-grey sandstones with lime-traces, representing the non-eroded 

part of the Castellon Sands. The top of this megasequence shows hard rock cuttings with as 

much as 20% sand and oxidation colors indicating subaerial exposure. 
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4.2. Late Miocene Sedimentary Architecture of the Ebro Continental 
Margin: Implications for the Messinian Salinity Crisis 

In this section, the results obtained through the analysis of the Ebro Delta 3D seismic 

volume are discussed in order to understand the sedimentary processes and geomorphological 

evolution of the Ebro Margin during the Late Miocene. Particular emphasis has been placed 

on unraveling the genetic mechanisms and phases that led to the formation of the 

characteristic Messinian step-like profile observed in the Ebro Margin and in many other 

Messinian Mediterranean margins. Also, the stratigraphic analysis of the prograding 

clinoforms below the MES is discussed in the context of the timing of the connection between 

the Ebro Basin and the Mediterranean Sea. 

4.2.1. Miocene Depositional Settings 

Early Miocene sedimentation in the Ebro Margin is dominated by the final stage of the 

syn-rift phase affecting the Valencia Trough during the Late Oligocene-Aquitanian [Roca et 

al., 1999]. As a consequence of the strong extensional tectonic context, a major NE-SW 

oriented horst-and-graben structure developed (Figure 4.5). This Early Miocene topography 

was smoothed by syn-rift sedimentation until the latter Burdigalian-Langhian [Clavell & 

Berastegui, 1991; Roca et al., 1999; Arche et al., 2010]. The Top of Syn-Rift Sedimentation 

Unconformity (Figure 4.2 and Figure 4.3) marks the end of the rift stage. 

The Miocene early post-rift sedimentation (here represented by the Middle Miocene 

Unit), is still strongly controlled by the topography inherited from the rifting phase. The 

depocenters are located in the troughs and the subhorizontal unit onlaps on the pre-Cenozoic 

highs, smoothing the relief (Figure 4.4 and Figure 4.9). The age established for this unit from 

the FORNAX-1 well, Middle Miocene (Langhian-Serravallian), corresponds to the Alcanar 

Formation and the Cambrils Group defined by Clavell and Berástegui [1991], and described in 

previous works along the Tarragona offshore area by Bartrina et al. [1992] and in the Central 

Catalan Margin by Clavell and Berástegui [1991] and Roca et al. [1999]. Data from the 

FORNAX-1 well (see Figure 4.1 for location) describe shallow marine deposits composed of 

limestone with skeletal fragments of marine organisms (echinoids, corals and foraminifera) at 

its base evolving into anoxic platform black shales interbedded with sandstones. 



Chapter 4. Late Miocene Sedimentary Architecture of the Ebro Continental Margin 

87 

From late Serravallian (subunit B-1), the location of depocenters evolved from fully 

controlled by the previous rift structure, to a deposition associated with a progradational shelf-

slope complex (Figure 4.2, Figure 4.3 and Figure 4.4). The basinward migration of the slope-

break is reflected in the increased topset surface (Figure 4.7) and the shift of the rollover point 

of the clinoforms (Table V and Figure 4.6), progressively moving from 38.5 km in subunit B-

1 to 48 km in subunit B-6, with respect to the actual coastline. The prograding character of the 

subunits is consistent with the deltaic system named in the literature as Castellon Group [Soler 

et al., 1983; Lanaja, 1987; Johns et al., 1989; Clavell & Berastegui, 1991; Bartrina et al., 

1992]. Within the FORNAX-1 well (and many others in the study area; see Lanaja [1987]), 

two lithostratigraphic formations are distinguished: a) the lower formation, mainly composed 

by grey-brown clays locally interbedded with sandstones, and interpreted as the Castellon 

Shales formation; and b) the upper formation, including brown-grey sandstones, representing 

the non-eroded part of the Castellon Sands formation. Martinez del Olmo [1996] interprets the 

Castellon Sands as the proximal part of the system and the Castellon Clays as the distal 

prograding part. The top of this megasequence shows hard rock cuttings with as much as 20% 

sand and rubefaction indicating subaerial exposure. 

Isochore maps of the Late Miocene Unit (Figure 4.9) show sedimentation migrating 

from the northern sector of the study area, near the present mouth of the Ebro River, to the 

south and basinward (from subunit B-1 to B-3). A similar sedimentary trend is observed from 

subunit B-4 to B-7, with depocenters moving back northward and then migrating south as 

with the previous three units (Figure 4.10), indicating a major avulsion, a change in sediment 

supply and/or basin base level change. The sedimentary depocenter migration pattern is 

consistent with the present-day sediment dispersal pattern [Palanques et al., 2002], and also 

with that of the Pliocene-Pleistocene megasequence reported by Kertznus and Kneller [2009]. 

These results indicate that during the Late Miocene, similar sediment source and ocean 

circulation pattern had already been established, and that both have remained stable in this 

part of the margin from late Serravallian (age of subunit B-1) until present. 

4.2.2. Origin of the Messinian Relief 

During the MSC the sea level in the Mediterranean dropped drastically [e.g., Ryan, 

1976, 2009; Meijer & Krijgsman, 2005; Blanc, 2006; Maillard et al., 2006a], resulting in 
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subaerial exposure of large portions of the continental margins and incision by major fluvial 

systems (Figure 4.8 and Figure 4.10). Backstripping of the Messinian paleo-shoreline in the 

study area indicates that sea level dropped by approximately 1300 m [Urgeles et al., 2011]. 

The main feature resulting from sea level drawdown in the Messinian Ebro Margin is a major 

fluvial valley, dissecting the Messinian paleo-relief perpendicularly to the present coastline 

(Figure 4.8 and Figure 4.10). The length, drainage pattern and channel characteristics are 

comparable with the valleys carved by the large onshore Mediterranean rivers during the MSC 

[Rizzini et al., 1978; Barber, 1981; Clauzon, 1982]. In agreement with Urgeles et al. [2011], 

these characteristics, together with the low gradient of the channel long-profile and its overall 

arrangement, extending from a similar position to the present Ebro River, strongly suggest 

that this valley corresponds the Messinian Ebro River valley. 

Other features indicative of subaerial exposure include the detritic character of the MES 

drainage network and the meandering channels as displayed in Messinian amplitude and time 

structure maps (Figure 4.8 and Figure 4.6). Rubefaction of the top of the Castellon Group, on 

the FORNAX-1 well (see Figure 4.1 for location), as it occurs with several other wells in the 

area [Lanaja, 1987], agrees with the hypothesis of subaerial conditions. Cementation of the 

sands probably shows evidence for pedogenetic processes, and is most likely responsible for 

the characteristic negative high amplitude reflection associated with the MES along large 

portions of the survey area. 

Subaerial exposure is also probably responsible for the stepped character of the 

Messinian Ebro Margin (Figure 4.4 and Figure 4.10). Analogue profiles to those displayed in 

Regions I to III have been described in the Nile Delta [Barber, 1981], the Gulf of Lions [Lofi 

et al., 2005; Bache et al., 2009], the Levant Margin [Bertoni & Cartwright, 2006], and in the 

Catalan margin [García et al., 2011; Urgeles et al., 2011]. In many of these areas the boundary 

between Regions I (rough) and II (smooth) (Figure 4.4) is located at a similar depth of ~1.7 s 

twtt (Bache et al. 2009; García et al. 2011; Urgeles et al. 2011). Some of these authors have 

referred to this surface morphology as evocative of “badlands” topography, with a sea cliff 

and a marine abrasion platform (Figure 4.4 and Figure 4.10), offering different mechanisms of 

formation in terms of sea level changes: rise [Bache et al., 2009, 2012; García et al., 2011], 

fall [Bertoni & Cartwright, 2006] or still-stand [Lofi et al., 2005]. 
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Figure 4.10. Conceptual models 
showing the post-rift Neogene evolution 
of the Ebro Margin: (a) Late Miocene 
deposition starts with depositional 
clinoforms prograding from N to S-SE; 
(b) During early Messinian, rapid sea-
level fall starts, exposing the topset of 
the Late Miocene Units and moving 
clinoforms basinward; (c) Slowdown in 
the sea-level drop enables continuous 
basinward displacement of the 
clinoforms, the narrowing of the proto-
Ebro River and the development of a 
wave-erosion platform; (d) The slow 
sea-level fall contributes to the 
basinward growth of the margin and to 
the development of the erosion platform; 
(e) Complete subaerial exposure during 
Messinian sea-level drawdown (5.33 
Ma) entails a well-evolved Ebro River 
and a flat–steep–flat–steep profile 
formed in response to final sea-level 
drawdown and stabilization; (f) After the 
reopening of the Gibraltar Strait, the 
marine conditions are restored and 
deposition is again dominated by deltaic 
sedimentation. Inset: Stages a to f 
related to the sea-level evolution during 
Messinian Salinity Crisis (sea-level 
curve modified from García-Castellanos 
and Villaseñor [2011]). 
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Bache et al. [2009, 2012] and García et al. [2011] propose a two-step reflooding model 

where the boundary between Regions I and II (Figure 4.4 and Figure 4.8) represents the paleo-

shoreline developed between both stages. According to these authors, a first step of relative 

slow sea level rise shaped the equivalent of Region II as a transgressive smooth surface 

resulting from wave erosion. Later, a very rapid second step of the reflooding allowed the 

preservation of the paleo-shoreline and the rough paleo-relief in Region I that resulted from 

subaerial erosion during drawdown. However, the minimum amplitude map (Figure 4.6) 

displays remarkably well-preserved fluvial deposits including the paleo-Ebro River, 

suggesting that if this paleo-shoreline would be generated during a first slow phase of sea 

level rise (as suggested by Bache et al. [2009, 2012] or García et al. [2011]), subsequent 

erosion would have altered or destroyed these fluvial features. The good preservation of 

fluvial systems observed in Region II (Figure 4.8 and Figure 4.7) rather suggests one single 

stage of rapid flooding (as suggested by García-Castellanos et al. [2009]), preventing the 

development of a platform such as that of Region II during a transgressive event (Figure 4.4). 

In order to correctly explain this particular stepped Messinian profile, the lower 

negative amplitude distribution map (Figure 4.6) of the MES (indicative of sedimentary facies 

and processes) and the underlying sedimentary record should be taken also into account. 

Occurrence of progradations below the MES with topsets that sometimes onlap previous 

clinoforms (particularly in subunit B-7; see detail in Figure 4.4) or are partially truncated by 

the MES (youngest clinoforms in subunit B-6; Figure 4.8) suggests that the youngest 

clinoforms (subunits B-6 to B-7), particularly in Region II, result from the Messinian 

regression, rapid erosion of the Castellon sandstones in Region I, basinward deposition while 

sea level continued to descend (mainly subunit B-6), and continued sedimentation during 

lowstand (subunit B-7) (Figure 4.10). The relatively higher amplitude of the foresets below 

Region II (Figure 4.6) compared to Region I also suggests a higher sand-rich component and a 

more proximal environment influenced by weaker erosion processes (compared to Region I). 

The deposition of these youngest clinoforms during the Messinian drawdown also 

implies that the amount of erosion in Region II is much smaller than it should be expected if 

all the progradations where pre-Messinian, as there was little deposition in the topset region 

(due to decreasing accommodation space). Conversely, this helps balance volumes between 



Chapter 4. Late Miocene Sedimentary Architecture of the Ebro Continental Margin 

91 

eroded material and detrital products, as it had been previously observed for the Languedoc–

Roussillon margin where budgets did not balance well [Lofi et al., 2005; Bache et al., 2009]. 

It is difficult identifying the initiation of Messinian progradations within subunit B-6 as they 

also downlap on Miocene strata of the Castellon Group (Serravallian-Tortonian) and the 

topsets (and landward onlap) are eroded to a large extent (Figure 4.4 and Figure 4.9). 

Therefore there are little sequential criteria to determine this boundary. Evidences suggest that 

in Region II the MES was formed by combined erosion during sea level drawdown of the 

previous highstand (Region I), and deposition of a relatively little eroded Falling Stage and 

Lowstand Systems Tracts (Figure 4.10). The stepped profile could then have been formed in 

one single stage as sea level drawdown rate gradually decreased due to evaporation being 

compensated by Mediterranean rivers runoff. 

4.2.3. Timing of Capture of the Ebro Basin 

The timing and processes leading to the opening of the Ebro Basin (Figure 2.4) towards 

the Mediterranean Sea are still under discussion. For a considerable time, the explanation 

offered by Riba et al. [1983], and subsequently supported by Bartrina et al. [1992] and 

Babault et al. [2006] was widely accepted. Riba et al. [1983] proposed that capture of the Ebro 

Basin by a small stream cutting by backward erosion the Catalan Coastal Ranges took place 

during the Messinian sea level drop. Evans and Arche [2002] questioned this interpretation 

and pointed out the presence of a thick succession of siliciclastic sediments of pre-Messinian 

age with deltaic, shelf and bathyal characteristics. 

The Miocene megasequence analyzed in this work provides some additional evidences 

regarding the onset of drainage of the Ebro Basin into the Mediterranean Sea. As previously 

described, early progradational sediments are concentrated in the northern part of the study 

area (subunit B-1; Figure 4.9), thus indicating a point-source supplying sediments from the 

coast as early as the late Serravallian. The position of this depocenter coincides with the 

current location of the Ebro River mouth. Also, the lower Late Miocene deposits display a 

semi-lobular morphology as observed from isochore maps (Figure 4.9), suggesting a delta-like 

morphology of which only the southern half is observed. Assuming that subunit B-1 is early 

Serravallian and subunits B-6 to B-7 are Messinian, the rate of margin progradation (taking as 

a reference the position of the shelf-break) (Figure 4.2), it is only slightly lower for the 
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Miocene Ebro Margin compared to the Pliocene and Pleistocene margin. These data support 

the presence of a pre-Messinian proto-Ebro River. This figure does not take into account 1) 

the fact that subunit B-1 could be younger; 2) that additional clinoforms exist in between the 

survey area and the coast, amounting to about ~30 km of additional progradation; 3) that the 

younger clinoforms are highly eroded by the MES and therefore there could be younger shelf 

breaks that have been completely eroded; and 4) that the basin catchment area has largely 

increased from the time of the initial capture, therefore increasing sediment yield with time. 

Miocene progradation rates could therefore double those in Figure 4.9. 

The pre-Messinian units display depocenters moving both basinward and southward 

(Figure 4.9), similar to the growth pattern of the Pliocene-Pleistocene delta system [Bartrina et 

al., 1992; Kertznus & Kneller, 2009]. As already stated, the latest clinoforms have been 

interpreted to be Messinian, as the most distal part of the survey displays para-conformable 

reflectors with those of the Pliocene-Pleistocene megasequence (Figure 4.4). However, the 

volume of potential Messinian sediments compared to previous Miocene sequences is 

relatively small indicating that the Mediterranean outlet of the Ebro River must have been 

well established prior to Messinian times. 

Results obtained in earlier studies [Evans & Arche, 2002; García-Castellanos et al., 

2003; Arche et al., 2010; Urgeles et al., 2011] agree with the hypothesis of a pre-Messinian 

connection between the Ebro Basin and the Mediterranean Sea. Using numerical modeling, 

García-Castellanos et al. [2003] showed that the volume of post-Messinian sediments 

delivered by the Ebro River is considerably smaller than the estimated volume of sediments 

that could have been eroded from the Ebro Basin and surrounding mountain ranges during the 

available time proposed by Bartrina et al. [1992] and Babault et al. [2006]. The volume of 

sediment and considerable progradation identified in this work as the Miocene prograding 

megasequence, would represent the marine sedimentary accumulation that resulted from 

breaching of the Catalan Coastal Ranges and subsequent release of sediments from the Ebro 

Basin by a proto-Ebro fluvial network. 

The Messinian Event temporarily truncated the evolution of the Ebro margin in the Late 

Miocene (Figure 4.8), deeply cutting into the underlying pre-Messinian high-stand clinoform 

package. Urgeles et al. [2011] already remarked the presence of a major valley dissecting the 
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MES from NE to SW with some fifth/forth order tributaries and meandering thalweg with a 

sinuosity about 1.3 that they attributed to the Messinian Ebro River (Figure 4.8 and Figure 

4.6). Arche et al. [2010] and Urgeles et al. [2011] point out that, assuming a medium rate of 

incision for a small steep Miocene mountain river, it would have been difficult for a proto-

Ebro River to have enough time to cut across a mountain range and to attain equilibrium 

conditions during an event as short as the MSC. Since the aperture was not a catastrophic 

event, the maximum efficiency of an incision of this type was probably reached long after the 

initial breaching took place [Kooi & Beaumont, 1996], suggesting that the capture of the Ebro 

Basin had to occur prior to the Messinian drawdown. 

Capture of the endorheic basin by a small mountain river was probably reinforced by 

one or more of the following large-scale processes: 1) tectonic changes such as faulting, 

folding and tilting of the Catalan Coastal Ranges [Evans & Arche, 2002; García-Castellanos et 

al., 2003; Arche et al., 2010]; 2) sediment overfill of the lake [Riba et al., 1983; Serrat, 1992; 

García-Castellanos et al., 2003]; and 3) lake level rise related to a long-term climatic change 

to wetter conditions [Riba et al., 1983; García-Castellanos et al., 2003; Arche et al., 2010]. 





Chapter 5 

The Messinian Sequence of 
Events constrained from the 

Valencia Trough

Part of content of this Chapter is included in the manuscript Cameselle & Urgeles

(under review) ‘Large-scale margin collapse during Messinian early sea-level drawdown: 

The SW Valencia Trough, NW Mediterranean’, which has been submitted for publication to 

Basin Research journal. 
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Chapter 5. The Messinian Sequence of Events constrained 
from the Valencia Trough 

Chapter 5 of this Thesis focuses on the study of the geometrical relationship between 

Messinian sedimentary units and bounding surfaces offshore – grouped under the term of 

Messinian seismic markers after [Lofi et al., 2011a; b] –. From a grid of 30 multichannel 

seismic profiles collected across the SW Valencia Trough and stratigraphic information from 

available industrial wells in the area (datasets were introduced in the Methodology), the timing 

and factors controlling the Messinian Salinity Crisis (MSC) have been analyzed. Especial 

emphasis has been placed on the analysis of the Complex Unit observed at the base of the 

Messinian continental slopes as it represents a link between the Messinian eroded continental 

margins and the deepwater Messinian deposits. 

5.1. The Messinian Seismic Markers in the SW Valencia Trough 

From the set of seismic profiles, a series of Messinian seismic markers — sedimentary 

units and surfaces — have been identified and characterized across the SW Valencia Trough 

(Figure 5.1). Following the nomenclature proposed by Lofi et al. [2011b] (Figure 2.3), two 

MSC units have been interpreted in the study area (Figure 5.1 and Figure 5.2): the Upper Unit 

and the Complex Unit. Further analysis of the internal seismic character allows us to 

subdivide the Complex Unit into a Chaotic and an Imbricated Subunit (Figure 5.4). These 

Messinian units are bounded by four major surfaces (Figure 5.2 and Figure 5.4): 1)The 

Margin Erosion Surface (MES), an unconformity that extends beneath the present-day 

continental shelf and slope separating pre- and post-MSC deposits; 2) The Bottom Surface 

(BS), separating pre-MSC deposits from MSC deposits; 3) The Top Surface (TS), or Top 

Erosion Surface (TES) where it shows evidence of erosion), between the MSC deposits and 

the Pliocene deposits; and 4) The Intermediate Surface (ISCU-UU, hereinafter), that separates 

the Complex and the Upper Units. 
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Figure 5.1. Map showing the configuration of the Messinian seismic markers in the SW Valencia 
Trough. Gray polygons represent the distribution of Chaotic Subunit. Blue-dotted area represents the 
Messinian Imbricated Subunit. Green-striped line marks the subaerial erosion boundary (combination 
of MES and TES), separating the section of the margin affected by erosion (MES: red-squared area; 
TES: green-squared area) from the area of deposition of the Upper Unit (green-dotted area). Blue 
polygon marks the extension of the Messinian paleo-Valencia channel’s bed, and the black-dashed line 
the axis of the channel. Red circles indicate wells reporting signs of evaporites within the Messinian 
interval, whereas white circles mark wells where evaporites were not recorded [Lanaja, 1987]. Red 
segments mark location of Figure 5.3 and Figure 5.4. Major normal faults affecting the Messinian 
interval are indicated. Volcanism is displayed as white-shaded areas with v-pattern. Yellow rectangle 
marks the area used to build the conceptual model proposed at the end of this Chapter (Figure 5.11). 



Chapter 5. The Messinian Sequence of Events constrained from the Valencia Trough 

99 



The Messinian Seismic Markers in the SW Valencia Trough 

100 

Figure 5.2. Section of seismic profile SGV01-114 illustrating the general geometrical relationship 
between MSC surfaces and depositional units in the SW Valencia Trough. The TES (green line) is the 
upper boundary of the MSC sequence where it shows evidence of erosion. In the study area, the TES 
coincides with the top of the Complex Unit where the Upper Unit is absent. Basinward, the MSC upper 
boundary becomes smoother and splits (at ~1.9 s twtt) into the Top Surface (dark green dashed line) 
that bounds the Upper Unit at the top (green unit), and into the Intermediate Surface (ISCU-UU) that 
represents an internal Messinian surface separating the Complex Unit (Chaotic Subunit (grey shaded) + 
Imbricated Subunit (blue shaded)) from the Upper Unit. The lower limit (orange line) of the Messinian 
deposits is the Bottom Surface (BS). The morphology of the BS is rough under the slope and margin 
foot, and becomes smoother basinward. Inset shows location of the displayed seismic section (red). 

5.1.1. The Messinian Surfaces in the SW Valencia Basin 

The Margin Erosion Surface (MES) 

The MES in the Valencia Trough has the appearance of an angular unconformity 

between the pre- and post-MSC deposits (Figure 5.3) similar to the one displayed in the 

previous Chapter from 3D seismic data and in other Mediterranean margins [Barber, 1981; 

Stampfli & Hocker, 1989; Lofi et al., 2003; Maillard et al., 2006b]. Across the study area, it is 

characterized by a prominent reflection with a rough morphology and a strong erosional 

character (Figure 5.3) extending over the present-day shelf and upper slope (Figure 5.1). In 

the Iberian shelf of the SW Valencia Trough, the MES is buried below up to 2.5 km of 

prograding Plio-Quaternary sediments. Basinward, it extends to the pinch-out of the MSC 

sequence at 1.4–1.8 s twtt, where it passes laterally to the TES or to the BS where the former 

is not present (Figure 5.3). On the Balearic side, the seismic profiles do not reach the upper 

slope and no signs of major erosion that could be correlated with the MES are observed 

(Figure 5.1). 

Figure 5.3. Section of seismic 
profile (see location on Figure 5.1) 
illustrating the erosional character 
of the Margin Erosion Surface 
(MES). The pinch-out of the Upper 
Unit over the MES is also 
displayed. Note the high-amplitude 
seismic response of the Upper Unit 
(between the TS and the ISCU-UU) 
and the smooth character of the TS 
compared to the MES.
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Regionally, the MES conforms to the shape of the structural highs (black squared area 

in Figure 5.5) inherited from the main rifting phase affecting the Mesozoic/Paleozoic 

basement during the Oligocene–Early Miocene [Escutia & Maldonado, 1992; Mauffret et al., 

1995]. Offshore Valencia, a series of normal faults show evidence of activity during the Plio-

Quaternary (Figure 5.5), which subsequently could have altered the original Messinian 

structure of the basin in this area. 

Figure 5.4. a) Section of seismic profile SGV01-115 (see location on Figure 5.1) illustrating the general 
geometrical relationship between the Chaotic Subunits (gray-shaded) and the Imbricated Subunit (blue). 
Other MSC markers are also indicated: Top Surface (TS): dark green dashed line; Upper Unit (green-
shaded), Intermediate Surface (ISCU-UU): yellow line; and Bottom Surface (BS): orange line; b) Close-
up of seismic profile above (and its interpretation) showing in detail the internal character of the 
Chaotic Subunit (gray-shaded) and stratigraphic relationship with other Messinian seismic markers; c) 
Close-up of seismic profile above (and its interpretation) displaying the internal morphology of the 
Imbricated Subunit: small-scale thrusting (red-dashed lines) and related pressure ridges at the top of the 
subunit (yellow line). Red arrow indicates the apparent direction of compression suggested by the 
imbricated structures. 
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The Top (Erosion) Surface (TS/TES) 

The TS (labeled TES where it shows signs of erosion) represents the boundary between 

the MSC sequence and the overlaying Plio-Quaternary prograding clinoforms (Figure 5.2 to 

Figure 5.4). In the SW Valencia Trough, the TS is characterized by a prominent reflector 

conformable with the underlying Upper Unit. Its morphology is smooth and shows only minor 

erosional features (Figure 5.2 to Figure 5.4). Regionally, the TS is located between the pinch-

out of the Upper Unit (at 1.4–1.8 s twtt) and 2.8 s twtt, extending from the middle slope to the 

deep basin (Figure 5.5). It represents an almost flat-lying surface with a gentle slope towards 

the center of the Valencia Trough and to the northeast towards the Provençal Basin. It is 

pierced by several volcanic edifices related to two major volcanic episodes (Figure 5.5). 

Figure 5.5. Time structure map displaying the upper boundary of the Messinian succession formed by 
combination of the MES (across the shelf and upper slope), the TES (across the upper and middle slope 
where the Complex Unit underlays the Plio-Quaternary sequence) and the Top Surface (across the 
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middle-lower slope and deepwater basin, where the Upper Unit is present). The basinward limit of the 
erosion (MES+TES) is marked by the green-striped line. White-gridded area marks the extension of the 
Messinian paleo-Valencia channel and the white-dashed line the axis of the channel. Red segments 
mark location of Figure 5.6a and Figure 5.6b displaying the profile of the paleo-Valencia channel and 
its main tributary. See Figure 5.1 for key to remaining symbols. 

The Intermediate Surface between the Complex and Upper Units (ISCU-UU) 

The ISCU-UU is an intra-Messinian surface bounding the Complex Unit (either the 

Chaotic or Imbricate Subunits) at its top and the Upper Unit at its base (Figure 5.2 to Figure 

5.4). It is a relatively irregular, slightly erosive surface, especially over the Imbricated Subunit 

(Figure 5.4c). The main morphological feature reflected by the ISCU-UU is a major channel-like 

linear erosional feature (Figure 5.6) imaged mainly under the present axis of the Valencia 

Trough (blue path in Figure 5.1). Seismic profiles reveal a main sinuous paleo-channel (Fig. 

8a) and a paleo-tributary (Figure 5.6b) evolving in the deepest part of the basin (Figure 5.5). 

The main central paleo-channel has been identified in previous studies as the paleo-Valencia 

channel [Stampfli & Hocker, 1989; Field & Gardner, 1990; Escutia & Maldonado, 1992; 

Maillard et al., 2006a]. These authors describe a Messinian complex network of erosional 

valleys and tributary systems draining from the Catalan and Balearic margins to a central 

paleo-channel running below the Valencia Trough axis. From a stratigraphic point of view, 

the development of the paleo-Valencia drainage network postdates the deposition Complex 

Unit and it is younger than the Upper Unit as the channel’s bed is draped by the upper 

evaporites (Figure 5.6a). Other features are observed to erode into the Complex Unit but their 

width, depth, length and continuity in between different survey lines suggest that these are 

minor structures. 

The seismic grid used in this study allows us to extend and better define the paleo-

Valencia channel to the southwest. The main paleo-valley originates at the foot of the 

Valencia margin and extends along ~100 km to the NE limit of the study area (Figure 5.5). Its 

profile is box-shaped (Figure 5.6a) and its width and depth increase downstream. At the base 

of the slope, the channel is ~1.5 km wide and ~80 m deep (using an average velocity of 1750 

m/s for the overlaying Plio-Quaternary interval obtained from available well logs) and reaches 

up to ~4 km wide and more than 150 m deep in the NE sector of the study area (Figure 5.6a). 

Its downslope gradient is gentle, passing from ~2000 to ~2200 m depth over ~100 km. 
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Figure 5.6. Seismic profiles showing details of the Messinian paleo-Valencia network and the 
geometrical relationship with the Messinian seismic markers (see Fig. 7 for location). See Figure 2.3 for 
key to colors. Note the Upper Unit (green) draping the channel’s bed and little erosion on the Top 
Surface (TS). a) Seismic profile SGV01-208 showing the Messinian paleo-Valencia channel. b) 
Seismic profile SGV01-112 showing a tributary of the Messinian paleo-Valencia channel. 

Seismic profiles display a paleo-tributary (Figure 5.6b) originating from the center of 

the study area and running S-N for ~30 km (Figure 5.5). This paleo-tributary joins the main 

paleo-Valencia channel in the deepest part of the basin. At the point-source, it is ~0.5 km wide 

and ~60 m deep and displays V-shape cross-section (Figure 5.6b). Its section becomes 
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progressively U-shaped toward the north and reaches up to ~1.5 km-wide and ~90 m-depth 

where it joins the main paleo-Valencia channel. The downslope gradient of the southern 

tributary is stepper than the main paleo-channel, passing from ~1850 m to 2150 m-depth over 

~30 km. 

The Bottom Surface (BS) 

The BS represents the base of the Messinian deposits (Figure 5.2 to Figure 5.4), so its 

upslope limit coincides with the basinward limit of the MES (Figure 5.1). Three exploratory 

wells allow us to constrain the position of this surface in the studied area (286, 404 and 590 in 

Figure 0.1). Regionally, the BS is located between ~1 and 3 s twtt (Figure 5.7). It extends 

from the upper/middle slope where it deepens from 1 to 2.2 s twtt, to the deep basin where it 

becomes a comparatively smooth flat-lying surface. The BS is characterized by a central, ~50 

km radius depression (purple colors in Figure 5.7), although two smaller depressions are 

found at the base of the NW Eivissa slope and within the Valencia margin. These smaller 

depressions attain depths of 2.6 and 2.4 s twtt respectively, but within the Valencia margin a 

series of Plio-Quaternary normal faults (Figure 5.7, after Perea et al. (2012)) would have 

subsequently altered the original Messinian structure. A third deeper NW depression marks 

the passage to the central part of the Trough. In some areas where the surface is disrupted by 

several volcanic edifices the location of the BS becomes doubtful (Figure 5.7). 

The seismic expression of the BS corresponds to a medium-amplitude reflector (Figure 

5.2 to Figure 5.4) displaying a smooth morphology with minor gully-type incisions (Figure 

5.4). At the foot of the Valencia margin, the erosive character of the BS becomes more 

marked and its position is less clear, also coinciding with a worse-defined underlying unit 

(Figure 5.2 and Figure 5.4b). 
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Figure 5.7. Time structure map of the Bottom Surface (BS) interpreted as the base of the Messinian 
deposits. On the southern sector, the upslope limit of the BS coincides with the MES; whereas in the 
Valencia margin, the BS extends further upslope below the Complex Unit and the Subaerial Erosion 
Boundary (MES+TES; green striped line). See Figure 5.1 for key to symbols 

5.1.2. The Messinian Units in the SW Valencia Trough 

The Upper Unit 

The Upper Unit represents the uppermost Messinian unit of the SW Valencia Trough 

(Figure 5.2 to Figure 5.4). Its distribution throughout the studied area was tied with the 

stratigraphic information available for five available exploratory wells in the area (red dots 

Figure 5.8; Lanaja [1987]). In those wells the Upper Unit is described to be mainly composed 

of marls and/or clays with thin beds of as much as 40% of anhydrite or gypsum [Lanaja, 1987; 
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Fernandez et al., 1995]. This description agrees with that reported from DSDP Leg XIII [Hsü 

et al., 1973a]. 

Figure 5.8. Isochore maps (in seconds twtt) of the Upper Unit across the SW Valencia Trough. Note 
that the upslope limit of the Upper Unit coincides with the basinward boundary of the area affected by 
subaerial erosion (green striped line). The extension of the evaporites was tied to exploratory wells in 
the area [Lanaja, 1987]. Red segment marks location of Figure 5.9 displaying the Upper Unit draping 
the paleo-Valencia channel. See Figure 5.1 for other key to symbols 

On seismic data the Upper Unit is represented by two or three very high-amplitude, 

parallel and fairly continuous reflectors (Figure 5.3 Figure 5.9), supporting the idea that stratal 

interfaces – and particularly the unit boundaries – put in contact lithologies of contrasting 

nature. It extends from the lower slope to the deepwater basin (Figure 5.2). On the slope, it 

pinches-out at the basinward limit of the MES and the TES surfaces, labeled in this work as 

Subaerial Erosion Boundary (Figure 5.8). The Upper Unit is bounded at its top by the TS 
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(Figure 5.2, Figure 5.4 and Figure 5.6) that separates the Upper Unit from the overlying Plio-

Quaternary sequence. At the bottom, it is bounded by the ISCU-UU (Figure 5.4) or by the BS 

where the former is not present (Figure 5.6a). Most of the paleo-Valencia channel network is 

overlain by the series of high-amplitude reflections corresponding to the Upper Unit (Figure 

5.6 and Figure 5.9), suggesting that deposition of this unit post-dates the development of the 

paleo-channel. 

Figure 5.9. Detail of seismic profile 
showing the Upper Unit draping the 
Messinian paleo-Valencia channel. 
Seismic data have been plotted using 
three different seismic display 
modes: a) Original amplitudes 
displayed using a black to gray color 
scale; b) The same as (a) but adding 
wiggle overlay (peak filling in red) to 
highlight the location of the reflection 
package corresponding to the Upper 
Unit (note that the Upper Unit is 
draping the channel’s bed); c) The 
amplitudes plotted with a Landmark 
black to gray color scale adding color 
tips for the bounding amplitude 
values, typically used in seismic 
attribute interpretation to highlight 
amplitude-characteristic features. See 
Figure 5.8 for location. 

The thickness of this unit is almost constant with a mean value of ~0.04 s twtt (~72 m 

using an interval velocity of 3600 m/s as determined from well data), although locally it can 

reach up to 0.13 s twtt (~235 m thick) (Figure 5.8). 
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The Complex Unit 

Seismic profiles show evidences of a Messinian Complex Unit extending from the 

middle-lower slope to the deep basin (Figure 5.2 to Figure 5.4). Two subunits have been 

identified based on their amplitude response and internal structure: a Chaotic Subunit (Figure 

5.4b) and an Imbricated Subunit (Figure 5.4c). 

The Chaotic Subunit extends from the middle-lower slope to the base-of-slope for more 

than 35 km (Figure 5.2 and Figure 5.10). It is characterized by highly disorganized or locally 

transparent seismic facies with discontinuous high-amplitude reflections (Figure 5.4b). The 

response of the Chaotic Subunit is equivalent to the Complex Units described in other 

Mediterranean margins (e.g. Savoye & Piper, 1991; Lofi et al., 2005; Maillard et al., 2006; 

Estrada et al., 2011) (Fig. 2). Cuttings from well 354 (see Figure 0.1 for location) sampled 

~100 m of very fragmented and reworked shales and sandstones, probably detritic, mixed with 

poorly selected conglomerates and breccias. 

Mapping of the Chaotic Subunit shows that actually consists of two independent 

depositional bodies extending from the middle slope to the base-of-slope, one originating 

from the Iberian margin and the other from the Balearic Promontory (Figure 5.10). These 

bodies are limited below by the BS and above by the ISCU-UU when the Upper Unit is present 

or by the TES when the Upper Unit is absent (Figure 5.2 and Figure 5.4). 

The western Chaotic Subunit extends from the southern Valencia continental slope to 

the deep basin (Figure 5.10). It covers an area of ~2100 km2 with a mean thickness of ~0.12 s 

twtt (~185 m thick using and interval velocity of 2700 m/s as determined from well data). In 

the depocenter, at the base of the continental slope, the thickness is ~0.4 s twtt (~600 m thick) 

(Figure 5.10). On the southern sector of the study area, the western body of the Chaotic 

Subunit is completely draped upslope by the Upper Unit to the MES boundary (red-squared 

area in Figure 5.10). In contrast, on the southwestern sector, the Chaotic Subunit extends 

farther upslope than the Upper Unit, being eroded at its top by the TES (black-squared area in 

Figure 5.10). 
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Figure 5.10. Isochore maps (in seconds twtt) of the Complex Unit (Chaotic and Imbricated Subunits). 
Chaotic Subunits correspond to two independent depositional bodies interpreted as Mass-transport 
Deposits (MTD) extending from the middle-lower slope to the base-of-slope at both sides of the SW 
Valencia Trough. The Messinian Imbricated Subunit (overlain by thin white-stripes pattern) is 
interpreted as resulting from MTD-induced compression on basin floor sediments. Black arrows over 
the Imbricated Subunit indicate apparent direction of shortening interpreted from small-scale 
compressional structures. Red segment marks location of Figure 5.4. See Figure 5.1 for key to 
remaining symbols. 

A second Chaotic Subunit (also partially shown by Driussi et al. (2014)) extends over 

the Eivissa middle-lower slope domain to the deep basin (Figure 5.10). The upslope limit of 

this eastern subunit, located outside the seismic coverage, is probably at some point on the 

Eivissa middle/upper continental slope. It covers an area of ~1000 km2 with a mean thickness 

of 0.08 s twtt (~110 m thick). The depocenter is located at the base-of-slope and has a 
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maximum thickness of 0.25 s twtt (~340 m thick) (Figure 5.10). Basinward, both Chaotic 

Subunits show progressive thinning and wedge-shaped morphology (Figure 5.4a). 

Within the Complex Unit, an internally deformed Messinian subunit – that we have 

named Imbricated Subunit – is enclosed between both chaotic bodies (Figure 5.4a) in the 

deepest part of the basin (Figure 5.10). This subunit is bounded at its base by the BS and at its 

top by the ISCU-UU (Figure 5.4c). From bottom to top, seismic facies display low to medium 

amplitude reflections arranged in an imbricated pattern (Figure 5.4c). The thickness of this 

subunit is relatively constant (0 – 0.2 s twtt) (Figure 5.10), with a mean value of 0.08 s twtt 

(~110 m thick using the seismic velocity of 2700 m/s determined from well data). The major 

signs of erosion on the ISCU-UU above this subunit are related to the previously described 

paleo-Valencia network (see ISCU-UU section above; Figure 5.6). 
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5.2. The Messinian Sequence of Events: Constrains from the SW Valencia 
Trough 

5.2.1. Significance of the Complex Unit 

Previous studies have reported the existence of a series of clastic units (Complex Unit 

after Lofi et al. (2011b); Figure 2.3) covering the lower slope and deepwater basin at several 

locations in the Mediterranean basin [Barber, 1981; Savoye & Piper, 1991; Sage et al., 2005; 

Lofi et al., 2005, 2011a; Maillard & Mauffret, 2006; Maillard et al., 2006a; Bertoni & 

Cartwright, 2007a; Bache et al., 2009, 2015; Obone-Zue-Obame et al., 2011; Estrada et al., 

2011; Bowman, 2012; Driussi et al., 2014; Gorini et al., 2015]. However, the true nature of 

this Complex Unit remains unclear because of the variable geometrical and temporal 

relationship with the other Messinian seismic markers (Figure 2.3). 

Complex Units have been interpreted in some areas of the Mediterranean basin as 

aggrading fluvial clastic deposits eroded during the subaerial exposure of the Messinian 

margins and deposited in the proximal part of the margins by Messinian drainage networks 

(e.g. Var paleo-Valley [Savoye & Piper, 1991] or the paleo-Ebro River [Urgeles et al., 2011]). 

However, the western Chaotic Subunit imaged in the study area is truncated in the middle 

slope by the TES, especially across the SW sector of the studied area (Figure 5.2 and Figure 

5.10). Here, the seismic character of the TES is equivalent to the one described for the MES 

on the shelf, and the nomenclature just changes to reflect the stratigraphic relationship 

proposed by Lofi et al. [2011a; b]. Therefore, the boundary between MES and TES is defined 

by the presence/absence of MSC units below the surfaces. The erosional morphology and the 

similarity with the MES described on the shelf and upper slope suggest that the Chaotic 

Subunit was deposited before the subaerial exposure of this sector. Therefore, it is complex to 

explain the Chaotic Subunits as product of ‘continuous’ margin erosion during regression and 

lowstand. Additionally, it could be argued that the Chaotic Subunits originated from further 

upslope. However, in the SW Valencia Trough they do not seem located in reference to a 

canyon or any major Messinian valley that could represent a major source of continuous 

sediment supply. The only sediment distribution system observed in the area corresponds to 

the paleo-Valencia channel (Figure 5.6 and Figure 5.9) that, in fact, erodes over the Complex 

Unit (Figure 5.6), so its development post-dates deposition of this unit. 
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The acoustic characteristics, relationship to the Imbricated Subunit, extension (~2100 

km2 and ~1000 km2), and distribution (from middle-lower slope to the base-of-slope) of the 

chaotic bodies (Figure 5.10) suggest that their deposition is related to a process capable of 

transporting downslope large volumes of sediments in a short time. Supported by the 

stratigraphic information from wells (detritic or reworked sandstones mixed with 

conglomerates and breccias), the Chaotic Subunits are suggested to be the result of large-

scale, deepwater gravity-controlled processes, which accumulated in the form of major ‘Mass-

transport Deposits’ (MTD). 

This interpretation is reinforced by the compressional structures observed on the 

adjacent genetically-related deepwater Imbricated Subunit (Figure 5.4c) and by the erosional 

character of the Complex Unit’s basal surface in the depocenters located at the base-of-slope 

(Figure 5.2 and Figure 5.4c). The erosion grooves and truncated strata associated to the basal 

surface (Figure 5.2) suggest that the mass-transport process probably incorporated basin 

sediments during transport in addition to the material collapsed from the continental slope. 

Similar evidences of erosion have been observed associated to the detrital unit described in the 

Gulf of Lions by Bache et al. (2015), and attributed to sediment reworking. 

The Imbricated Subunit likely reflects propagation of the kinetic energy of the MTDs 

(Chaotic Subunit) into deepwater sediments, transmitted by compression, friction and loading 

of these base-of-slope sediments. This energy transmission resulted in thrusting and formation 

of pressure ridges on the surface of the Imbricated Subunit (Figure 5.4c). Equivalent features 

have been described in submarine contexts usually associated to slumps, debris-flows, and 

debris-avalanches impacting on deep marine hemipelagic sediments [e.g. Posamentier & 

Kolla, 2003; Moscardelli & Wood, 2008; Bull et al., 2009; Watt et al., 2012a; b; Joanne et al., 

2013; Alfaro & Holz, 2014]. Resembling morphologies to the transition between Chaotic and 

Imbricated Subunits have been also described as MTDs changing laterally from buttressed and 

frontally confined to unconfined in the Eastern Mediterranean by Frey-Martinez et al. [2006]. 

Thus, a genetic relationship between the MTDs and the deformed unit is proposed. 

Further analysis of the stratigraphic relationships observed in the seismic data shows 

that the occurrence of both MTDs was simultaneous or very close in time. This is supported 

by the fact that the stratigraphic relationship between both Chaotic Subunits described in this 



The Messinian Sequence of Events: Constrains from the SW Valencia Trough 

114 

Thesis and the other Messinian seismic markers is equivalent: the top boundary of the 

Complex Units (TES or ISCU-UU) passes laterally upslope to the MES (Figure 5.2) and it 

represents the older Messinian unit in the margin. Additionally, the scales on the Imbricated 

Subunit root at the same stratigraphic level that was mobilized further upslope in the form of 

MTD, suggesting a weak layer as the glide plane of the slope failure originating the MTDs 

(Figure 5.4). The remarkably constant interval over which deformation occurred in the 

Imbricated Subunit (Figure 5.10) implies that compressional stresses where applied in one 

single stage. This suggests in turn that slope failure and deposition of the two MTD bodies 

occurred as major individual events or as a main event preceded and/or followed by several 

minor ones. Occurrence of equivalent large-scale slope failures during the Messinian Event

has been described in other areas of the Mediterranean Sea [Bowman, 2012; Gargani et al., 

2014; Gorini et al., 2015], suggesting that the deposition of the MTDs should be related to a 

basin-scale phenomenon. 

To better understand the nature of this unit it is critical to put constraints on age, as 

narrow as possible, to its deposition. These large-scale Messinian MTDs are very unique 

events in the history of the basin that cannot be found in the underlying Miocene or overlying 

Pliocene succession (Figure 5.2) and therefore likely have a major environmental implication 

and relationship to the MSC. Even if some MTDs can be imaged in the Plio-Quaternary 

interval, they appear as isolated events and their extension and volume is much smaller. 

Although stratigraphic reports from exploratory wells in the study area do not provide 

absolute dates [Lanaja, 1987] – they are defined as Serravallian?-Messinian in age – some 

observations and stratigraphic relationships with other Messinian seismic markers can help 

constricting their age. From the lower slope to the base-of-slope, the Complex Unit is draped 

by the Upper Unit and limited at its base by the BS (Figure 5.4), suggesting an early 

Messinian deposition. The fact that the western Chaotic Subunit is eroded at its top by the 

TES (Figure 5.2) – together with the fact that there is not a lateral change between the 

erosional character of the TES and the MES (Figure 5.2 and Figure 5.3) – suggests that 

deposition of the Chaotic Subunit would predate the main sea-level drawdown responsible for 

the development of the MES and the TES in this area. Therefore, deposition of the western 

Chaotic Subunit would have occurred before or just at the beginning of the main Messinian 
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sea-level drawdown. An equivalent timing has been proposed for the deposition of the 

Complex Unit (also termed as clastic units in other works) in the Levant Basin [Bertoni & 

Cartwright, 2007a], the Gulf of Lions [Bache et al., 2015], or the Nile margin and Antalya 

Basin [Gorini et al., 2015]. Occurrence of the lowest sea level before precipitation of the 

Upper Unit also agrees with the chronology of the Messinian Event reflected in CIESM 

(2008).  

In summary, taking into account the basin-scale character of the MTDs (observed 

elsewhere in the Mediterranean basin) and the proposed timing for their deposition (an early 

MSC stage), the suggested factor involved in the continental slope failure originating the 

MTDs is the large-scale Messinian sea-level drop, which is regional and time-coincident. The 

Messinian sea-level fall associated to the MES has been estimated to be between 1300 and 

2000 m, with most studies suggesting a value of ~1500 m [Stampfli & Hocker, 1989; Clauzon 

et al., 1996; Krijgsman et al., 1999c; Blanc, 2000; Meijer & Krijgsman, 2005; Maillard & 

Mauffret, 2006; Urgeles et al., 2011]. In relation to the sea-level drawdown duration, the 

CIESM (2008) consensus paper suggests ~50 kyr for the period of major sea-level drop and 

subaerial exposure in the Mediterranean Sea. Some works, however, suggested a much shorter 

period of 4 – 5 kyr [Meijer & Krijgsman, 2005]. A slow-down in the drawdown rate was 

suggested associated to the decreasing evaporative surfaces and the compensation of the 

evaporation by the runoff from Mediterranean rivers [Meijer & Krijgsman, 2005; Blanc, 

2006]. As the initial drawdown was very rapid, it likely had a major implication on the 

stability of the recently emerged continental margins. 

As was previously introduced in Chapter 3, in some cases the developed overpressures 

can induce the slope failure directly. Slope failure related to rapid sea-level drops has been 

historically recognized to occur in dams, riverbanks and slopes (e.g. Schuster & Embree, 

1980; Sultan et al., 2004; Highland & Bobrowsky, 2008; Pinyol et al., 2012). During sea-level 

drawdown, hydrostatic pore water pressures change (i.e., the weight of the water column), and 

both seepage-induced and stress-induced excess pore pressures can develop inside the 

sediment. If the reduction of the external water level is so quick that slope soils do not have 

enough time to drain and dissipate the increasing pore pressures, overpressures develop and 

the stability of the slope can be reduced (Figure 5.11). As the MTDs observed in the seismic 
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profiles formed under similar conditions, they are suggested to represent a large-scale 

equivalent of this phenomenon. 

Some differences regarding the timing of deposition, variability in the descriptive 

features, nature and differences in the geometrical and temporal relationship with the other 

Messinian seismic markers are observed among the numerous Complex Units described 

elsewhere in the Mediterranean basin. Previous works have postulated that the slope failures 

and associated clastic fans resulted from substantial sea-level lowering coupled with 

deltaic/prodeltaic accumulations or with long-lived canyon systems [Lofi et al., 2005; Bertoni 

& Cartwright, 2007a], margin steepening induced by evaporite loading of the deep basin 

[Govers, 2009], pore-water sapping related to rising density of overlying brines [Ryan, 2009], 

Messinian tectonics [Roveri et al., 2001; Manzi et al., 2007], and/or submarine small-scale 

landslides triggered by sea-level rise [Gargani et al., 2014]. These differences probably reflect 

that the drawdown acted in combination with local factors such as dimension of the drainage 

basin, local base level of the basin, regional tectonic activity, nature and thickness of the 

sediment cover and geometry of the substratum. Such local factors may also contribute or act 

as preconditioning factors on the final slope failure. 

5.2.2. The Messinian Valencia Channel: A Submarine Sediment Pathway 

The location, main characteristics and relative position within the sedimentary sequence 

suggest that the paleo-Valencia channel and associated tributary correspond to the Messinian 

channel described in Field & Gardner (1990), Escutia & Maldonado (1992),and Maillard et al.

(2006). This channel has been described to incise the Upper Unit [Field & Gardner, 1990; 

Escutia & Maldonado, 1992; Maillard et al., 2006a], and shaping the TS that has been 

previously considered of subaerial origin [Maillard et al., 2006a; Bertoni & Cartwright, 

2007b; Lofi et al., 2011a]. 

From analysis of the seismic lines presented in this Thesis it rather seems, however, that 

deposition of the Upper Unit and development of the TS occurred after incision of the 

Messinian paleo-Valencia network (Figure 5.6 and Figure 5.9). In fact the Upper Unit drapes 

the morphology of the ISCU-UU where the paleo-Valencia channel was carved (Figure 5.9) and 

the nature of the TS does not seem erosional (if at all) in the deep SW Valencia Trough 
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(Figure 5.6). Moreover, the character of the TS observed in the study area clearly differs from 

the markedly erosive features previously displayed in this Thesis for the MES (Figure 4.8) 

along the Ebro margin (Chapter 4) or in many others Mediterranean margins during the main 

sea-level drawdown [Ryan & Cita, 1978; Stampfli & Hocker, 1989; Loget & Van Den 

Driessche, 2006; Bache et al., 2009; Urgeles et al., 2011].

The Messinian paleo-Valencia network is characterized by the absence of fluvial 

terraces and channel infill (Figure 5.6a), typically observed associated to subaerial fluvial 

systems. Escutia & Maldonado (1992) argued that the absence of such features (fluvial 

terraces and channel infill) may result from the rapid fluctuation of the base level that did not 

allow their formation. However, the development of major subaerial fluvial networks along 

the Mediterranean margins – as the ones described for the proto-Ebro River in the previous 

Chapter of this Thesis or the Messinian Rhône River [Clauzon, 1982; Gargani, 2004] –

suggest a relatively long period of stable low-base level. Additionally, fluvial terraces have 

been imaged by 3D seismic data by Urgeles et al. [2011] and supported by the results exposed 

in Chapter 4. The sinuosity, incision (up to 150 m) and drainage hierarchy-pattern of the 

paleo-Valencia channel (Figure 5.5 and Figure 5.6) are not comparable with those described 

for the Messinian Ebro River [Barber, 1981; Stampfli & Hocker, 1989; Urgeles et al., 2011]. 

In particular, the paleo-Valencia channel is incised ~150 m and is ~3.5 km wide near the base 

level of the basin, currently at about 2.5 s twtt, whereas the base level suggested for the paleo-

Ebro River is located at about 2.0 s twtt (boundary between Regions II and III in Urgeles et al. 

[2011]). Such difference would also imply different equilibrium profiles with respect to the 

Messinian Ebro River and a sea-level drop ~450 m  greater than previously estimated in 

numerous Mediterranean margins [Ryan & Cita, 1978; Clauzon, 1982; Loget & Van Den 

Driessche, 2006; Bache et al., 2009; Urgeles et al., 2011]. All these reasons support the 

submarine origin of the Messinian paleo-Valencia channel (Figure 5.11d). However, a short 

period of subaerial exposure at the end of the sea-level drawdown – but before the Upper Unit 

deposition – cannot be completely discarded. The development of a Messinian paleo-Valencia 

channel probably reflects the availability of large amounts of sediment in the submerged part 

of the margin and implies an efficient mechanism for sediment transport to the deeper areas of 

the Algero-Balearic Basin. Without such feature the SW Valencia Trough would have likely 

preserved a significant amount of clastic deposits related to the Messinian lowstand. 
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It should be stressed also that the source area of the paleo-channel and tributary is 

located in the deepwater area of the SW Valencia Trough, and it cannot be traced upslope to 

the shelf (Figure 5.1 and Figure 5.5) as it was observed for the paleo-Ebro River from the 3D 

seismic volume analyses in this Thesis or for other Messinian paleo-rivers imaged along the 

Mediterranean margins [Chumakov, 1973a; Barber, 1981; Clauzon, 1982; Druckman et al., 

1995; Lofi & Berné, 2008; Urgeles et al., 2011]. The lack of connection between the 

Messinian paleo-Valencia channel and major valleys on the MES suggests that the proposed 

inflow of seawater through the Valencia Waterfalls proposed by Müller & Hsü (1987) and 

supported by Field & Gardner (1990) was unlikely. 

5.2.3. Initial Transgression: Deposition of the Upper Unit 

The Upper Unit is the youngest Messinian depositional unit in the Valencia Trough. 

Previous works in the area suggest that this evaporite unit precipitated before the subaerial 

exposure of the deepest part of the Valencia Trough and related development of the paleo-

Valencia channel. However, we have shown that the Upper Unit drapes the channel’s bed 

(Figure 5.6 and Figure 5.9). Formation of the paleo-channel before deposition of the Upper 

Unit is also supported by the fact that if the Upper Unit would had been deposited before 

development of the drainage network, the resulting erosion would partially or completely 

remove the Upper Unit along the channel’s bed. This erosion would reflect as thickness 

reduction or complete absence of the Upper Unit along the channel in the related isochore 

map (Figure 5.8). 

Because in the lower slope the Upper Unit onlaps the ISCU-UU or the MES (Figure 5.2

and Figure 5.3), its deposition likely took place in the latest stages of the MSC or after 

formation of the MES (Figure 5.11). Previous works have shown that the Upper Unit is much 

thicker eastward, reaching up to 500-800 m in the Liguro-Provençal basin [Maillard et al., 

2006a], so the Upper Unit observed in the Valencia Trough only represents the top of the 

Upper Unit depositional sequence in the Western Mediterranean. This basin-scale variation in 

thickness suggests that deposition of the Upper Unit started in the deepest areas of the Liguro-

Provençal basin and migrated SW-ward to the Valencia Trough. The aggradational geometry 

of the Upper Unit onlapping the basin margins previously described (Figure 2.3) [Sage et al., 
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2005; Maillard et al., 2006a; Bache et al., 2009, 2012, 2015; Lofi et al., 2011a] agrees with a 

deposition of the evaporites during landward migration of the shoreline. 

The process responsible for the landward migration of the shoreline is still 

controversial. Some authors propose the shoaling of the basin floor during the precipitation 

stage [Sage et al., 2005; Maillard et al., 2006a; Lofi et al., 2011a], interpreting the Upper Unit 

as deposited during a late lowstand system tract before the last major erosional pulse 

responsible for the development of the TES [Maillard et al., 2006a]. However, the seismic 

images have shown that the lowest Messinian sea level predates the development of the Upper 

Unit as most erosive features are concentrated on the TES (which we laterally correlate with 

the MES) and the ISCU-UU (Figure 5.2). Other authors argue that a relatively slow transgressive 

phase, prior to the final rapid re-flooding, together with a high evaporation rate would favor 

the evaporite precipitation and deposition of the Upper Unit [Bache et al., 2009, 2012, 2015]. 

5.2.4. A Refined Scenario for the MSC: New Constrains from the SW Valencia 
Trough 

The geometrical relationship between Messinian seismic markers revealed in this study 

(Figure 5.1) by the seismic reflection profiles provides new understanding of the nature, 

timing and mechanisms involved in the emplacement of the Complex Unit, its relationship to 

the main phase of Messinian sea-level drawdown and to the development of the MES. The 

sequence of events arising from the geometrical relationship of these Messinian seismic 

markers is (Figure 5.11) the following: 

1. During the Miocene, the margins surrounding the SW Valencia Trough were 

characterized by prograding depositional sequences (Figure 5.11a), particularly in the 

Iberian side. 

2. The MES that started to develop during initial drawdown (Figure 5.11c) – with the 

contribution from slope failures – continued to take shape during the latest stages of 

slowest drawdown and subsequent lowstand (Figure 5.11d to Figure 5.11f). 
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Figure 5.11. Conceptual model proposed showing the evolution of the SW Valencia Trough during the 
Messinian Salinity Crisis (see Figure 5.1 for the area used to build the model). a) Late Miocene 
prograding depositional sequences; b) Early Messinian, onset of rapid sea-level fall, exposing the shelf 
and upper slope of the Valencia margin. Removal of the stabilizing effect of the water on low 
permeability sediments caused overpressure along the margin slopes; c) Excess pore-water pressure 
causes slope-failure, basinward transport of the MTDs and compressional deformation of the pre-
existing sediments in the deepwater area. Initial erosion (MES) across the proximal areas; d) Slowdown 
in sea-level drawdown rate at the end of forced regression and lowstand contributes the further 
development of the MES, subaerial exposure of previously deposited MSC units (MTDs) and 
associated development of the TES. A submarine drainage network beneath the present deepwater 
Valencia Trough starts to develop; e) Slow initial transgression allow the aggradational deposition of 
the Upper Unit. 

3. Subsequent decrease in the drawdown rate – agreeing with the results presented for 

the Ebro margin in the previous Chapter of this Thesis – exposed the proximal part of 

the MTDs and allowed the development of an erosion surface (TES) over the 

proximal part of the MTDs (Figure 5.11d). At the same time, a submarine drainage 

network (i.e. paleo-Valencia channel; Figure 5.1) formed beneath the present 

deepwater Valencia Trough in response to the high-sediment supply. The Messinian 

lowstand may have attained a short period of complete subaerial exposure of the SW 

Valencia Trough (Figure 5.11d). Farther north, in the Liguro-Provençal basin, the 

deposition of the Upper Unit probably started under shallow water conditions. 

4. A relatively slow transgressive phase prior to the final rapid re-flooding, together with 

a high evaporation rate, favored the aggradational geometry of the Upper Unit in a 

shallow-water basin (Figure 5.11f). 

5. At the end of the MSC, rapid sea-level rise during the Zanclean reestablished the 

normal marine conditions and the subsequent deposition of the progradational Plio-

Quaternary deltaic megasequence. 
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Chapter 6. Response of the Mediterranean Continental 
Margins during the Large-scale Messinian Sea-level 

Drawdown 

The 2D seismic data analyzed and discussed in previous Chapter 5 have shed new light 

on the origin, conditions and timing of deposition of the controversial Messinian Complex 

Unit. This Complex Unit has been interpreted in this Thesis as large-scale gravity-driven 

deposits accumulated in the form of major Mass-transport Deposits (MTD) at the lower slope 

and rise of the Valencia and Balearic margins (Western Mediterranean). Occurrence of 

equivalent large-scale slope failures during the Messinian has been described in other areas of 

the Mediterranean Sea [Bowman, 2012; Gargani et al., 2014; Gorini et al., 2015], suggesting 

that the deposition of the MTDs should be related to a basin-scale phenomenon. The new 

constrains provides a new and unique framework to analyze the mechanisms responsible for 

the formation of these MTDs and put some constraints on the characteristics (amplitude and 

duration) of the Messinian sea-level drawdown. 

For this purpose, in this Chapter 6 coupled transient seepage and deformation analysis, 

together with slope stability analysis, are performed using the PLAXIS-2D finite element 

software (see Section 0 for details on the methodology). A series of slope stability analysis 

using slope geotechnical properties and Messinian preconditioning factors are performed to 

evaluate the response of the Messinian continental margins to sea-level drawdown. Drawdown 

rates between 10 and 100 kyr, which are in the range of those proposed in the literature for the 

MSC [Krijgsman et al., 1999b; CIESM, 2008; Roveri et al., 2008b, 2014; Bowman, 2012; 

Csato et al., 2012; Cosentino et al., 2013] have been tested. Additionally, a sensitivity analysis 

of the parameter space was undertaken in order to assess the effects on the results of the 

architecture and material properties defining the 2D soil model. 

6.1. Finite Element Modelling of Large-scale Messinian Sea-level 
Drawdown 

Fully coupled flow-deformation analysis were run in order to analyze the simultaneous 

development of deformations and pore pressures as a result of time-dependent changes on sea 
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level and, therefore, on the hydraulic boundary conditions of the Messinian continental 

margins during large-scale sea-level drawdown. To assist in the analysis of the FEM results, a 

series of control wells were selected along the entire model: One control well is located at the 

continental shelf (well-1), one at the shelf-break (well-2), two along the upper slope (well-3 

and well-4), one at the toe of the upper slope (well-5), two at the lower slope (well-6 and well-

7), and one at the abyssal plain (well-8) (see Figure 6.1 for location). Slope stability analysis 

was performed during sea-level drawdown by finite mesh analysis using the stresses resulting 

from the coupled flow-deformation analysis and the Factor of Safety (FS) computed through 

the strength reduction method introduced in Section 0 [Griffiths & Lane, 1999; Dawson et al., 

2000]. 

Figure 6.1.  Steady-state pore pressures distribution for the initial stage (hydrostatic pore 
pressures).Vertical, white lines mark control wells used to assist in the analysis of the results. One 
control well is located at the continental shelf (well-1), one at the shelf-break (well-2), two along the 
upper slope (well-3 and well-4), one at the toe of the upper slope (well-5), two at the lower slope (well-
6 and well-7), and one at the abyssal plain (well-8). 

The initial stage of the model is a fully submerged continental slope under hydrostatic 

conditions, thus has zero excess pore pressure (pexcess) and is completely saturated (Seff = 1). 

The geometry and the physical-mechanical properties used to define the 2D-stratigraphic 

model have been accurately described in the Chapter 3. Methodology. The resulting initial 

pore water pressure distribution (psteady) is shown in Figure 6.1. The stability analysis of the 

model under initial conditions resulted in a FS0 = 4.83, which suggests stable conditions of the 

continental margin under pre-Messinian sea level. 
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6.1.1. Analysis of the Continental Margin Response during a Large-scale Sea-
level Drawdown 

The response over time of the Mediterranean margins to the Messinian sea-level 

changes were analyzed by Finite Element Modelling (FEM) for different durations of the total 

drawdown. Initially, three models representing the minimum (25 kyr), maximum (90 kyr) 

[Krijgsman et al., 1999b; Bowman, 2012; Cosentino et al., 2013], and most accepted value (50 

kyr) in the literature for the main Messinian drawdown [CIESM, 2008; Roveri et al., 2008b, 

2014; Csato et al., 2012; Cosentino et al., 2013] have been performed. In all cases, the 

amplitude of the total sea-level drawdown was kept constant at 1500 m below the initial sea 

level, which is the most suggested value in the literature [Stampfli & Hocker, 1989; Clauzon 

et al., 1996; Krijgsman et al., 1999c; Blanc, 2000; Lofi et al., 2005; Meijer & Krijgsman, 

2005; Maillard et al., 2006a; CIESM, 2008; Bache et al., 2009, 2012; Urgeles et al., 2011; 

Bowman, 2012]. 

The results from the FEM analysis show that the development of excess pore pressures 

(Pexcess = Pwater – Psteady; or the equivalent Pexcess = Pore pressures – Hydrostatic pore pressures) 

over time is almost linear (Figure 6.2). Pexcess is zero at the initial steady-state (hydrostatic 

conditions) and reaches ~13000 kN/m2 after 1500 m of sea-level drawdown (last step) in all 

the three models. A maximum difference of 8% is observed between the maximum Pexcess

developed in the 25-kyr model (~13500 kN/m2) and in the 90-kyr model (12500 kN/m2) 

(Figure 6.2). 

Spatial distribution and development of Pexcess over time inside the 25, 50 and 90 kyr 

models is almost equivalent (see Figure 6.3 below for 50-kyr model, and Figure A.8 and 

Figure A. 9 in the Appendix for equivalent 25 and 90 kyr models). Development of Pexcess

starts after 50 m of sea-level drawdown, when the entire water column above the most 

proximal area of the continental shelf is removed. Between -50 and -150 m of sea level (when 

emersion of the continental shelf occurs), a vertical Pexcess gradient starts developing at the 

proximal area and moves basinward as the sea-level drops (Figure 6.3). During this period, 

Pexcess almost dissipated (Pexcess ≈ 0) within the upper 10 m of sediments, coinciding with the 

emerged sectors. Soon after the sea level goes below the shelf-break, the Pexcess gradient 
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develops parallel to the seafloor along the upper and lower continental slopes, and Pexcess

increases downward into the sediment (Figure 6.3).

Figure 6.2. Development 
of excess pore pressures 
(Pexcess) over time for the 
25, 50 and 90 kyr models.

At the same time, the sediment layer characterized by Pexcess ≈ 0 becomes thicker: ~ 25 

m-thick under the shelf-break when the sea level has dropped 180 m, ~ 90 m-thick after 300 m 

of sea-level drawdown, between 100 and 250 m thick under the upper slope after 750 m of 

sea-level drawdown, and between 230 and 360 m thick under the upper slope at the end of the 

sea-level drawdown (-1500 m sea level). The maximum Pexcess occurs during the entire 

simulation at the left bottom corner of the model (i.e., the area farther from the seafloor and 

with the highest load of sediment above). 

Further information on the behavior of the system can be obtained from the 

development and spatial distribution of overpressures (pressure in excess of hydrostatic), 

easily illustrated by the overpressure ratio (). When λ* = 0, pore pressures remain 

hydrostatic and the sediment solid matrix fully supports the weight of the body above. When 

λ* = 1, the weight of the body above is fully supported by the fluid (see Methodology chapter 

for further details). For the three models analyzed, the maximum λ* is ~ 0.5, and develops 

after 120-150 m of sea-level drawdown (Figure 6.4), soon before the entire continental shelf is 

emerged and the sea level goes below the shelf-break (at 150 m depth). The temporal 

development of overpressures is also very similar for all the models (Figure 6.4). The λ* 

increases abruptly from 0 to ~ 0.5 at the same time that the sea level drops from 0 to ~150 m. 

Once the maximum overpressures are reached, a gentle decrease of about ~ 0.05 points is 
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observed, leading to a stabilization of the values at λ* ≈ 0.5 until the end of the drawdown (-

1500 m). 

Figure 6.3. Temporal evolution of excess pore pressure (Pexcess = Pwater – Psteady; or the equivalent Pexcess
= Pore pressures – Hydrostatic pore pressures) (contour lines) and groundwater flow (vectors) during 
sea-level drawdown for five different stages of the 50-kyr model: After (a) 3kyr; (b) 6 kyr; (c) 10 kyr; 
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(d) 25 kyr; and (e) total drawdown (50 kyr). Contour lines are plotted every 1000 kN/m2 and vectors are 
scaled, so that 5·10-3 cm/day flow equals 1 cm.  X and Y axis are in meters. See Appendix for 
equivalent figures showing the results for the 25-kyr and 90-kyr models. 

Figure 6.4. Development 
of overpressure ratio (*) 
over time for the 25, 50 
and 90 kyr models.

Overpressures distribution inside the sediment shows, in general, a displacement of the 

maximum λ* deeper into the sediment over time (Figure 6.5). At the beginning of the 

drawdown (Figure 6.5a, Figure A. 10a, and Figure A. 11a), λ* ~ 0.2 generates in the most 

proximal sector of the continental shelf, which is the first sector to be emerged. As the sea-

level drops, in the most proximal sectors – which are progressively further from the sea level 

at that time and, therefore, have been emerged longer – the maximum λ* moves deeper into 

the sediment (~50 m depth below seafloor; Figure 6.5b, Figure A. 10b, and Figure A. 11b). At 

the same time, at the sector that has just been emerged, the maximum values of λ* are 

observed in shallower sediments (~20 m depth below the seafloor; Figure 6.5, Figure A. 10

and Figure A. 11), and the sediment layer affected by maximum λ* becomes thicker.
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Figure 6.5.Temporal 
evolution of 
overpressure ratio (*) 
for five different stages 
of the 50-kyr model: 
After (a) 3 kyr; (b) 6 
kyr; (c) 10 kyr; (d) 25
kyr; and (e) total 
drawdown (50 kyr). X 
and Y axis are in 
meters. Equivalent 
figures for the 25 and 
90 kyr-models are
included in the 
Appendix.

A change in the distribution and temporal development of overpressures is observed 

after ~150 m of sea-level drawdown (Figure 6.5c-f, Figure A. 10c-f and Figure A. 11c-f), 

which coincides with the time at which the sea level goes down the shelf-break. From this 



Finite Element Modelling of Large-scale Messinian Sea-level Drawdown 

132 

point, the λ* under the continental shelf increases, as well as the volume of sediments in 

which overpressures develop. Under the slope, the distribution of overpressures is 

characterized by a basinward, wedge-shape morphology that thins towards the seafloor. As the 

sea-level drops, the area affected by overpressures becomes deeper, whereas the sediment 

layer characterized by λ* ~ 0 and parallel to the seafloor becomes thicker (Figure 6.5c-f, 

Figure A. 10c-f, and Figure A. 11c-f). 

Time since the 
beginning of the 

sea-level drawdown 
(kyr)

Total drawdown
duration = 25 kyr

Total drawdown
duration = 50 kyr

Total drawdown
duration = 90 kyr

Sea level 
(m) FS Sea level 

(m) FS Sea level 
(m) FS

0 0 4.83 0 4.83 0 4.83
1 -60 4.83 -30 4.83 -17 4.84
2 -120 4.83 -60 4.82 -33 4.83
3 -180 3.99 -90 4.83 -50 4.83
4 -240 4.01 -120 4.83 -67 4.83
5 -300 4.05 -150 4.98 -83 4.83
6 -360 4.02 -180 4.07 -100 4.84
7 -420 4.03 -210 3.99 -117 4.84
8 -480 4.02 -240 4.11 -133 4.88
9 -540 4.00 -270 4.01 -150 4.98
10 -600 4.03 -300 4.05 -167 4.15
12 -720 4.00 -360 4.10 -200 4.11
15 -900 4.00 -450 4.13 -250 4.11
20 -1200 4.10 -600 4.19 -333 4.13
25 -1500 4.20 -750 4.24 -417 4.18
30 - - -900 4.29 -500 4.19
40 - - -1200 4.36 -667 4.38
50 - - -1500 4.48 -833 4.50
60 - - - - -1000 4.54
70 - - - - -1167 4.61
80 - - - - -1333 4.68
90 - - - - -1500 4.74

Table VI. Evolution of the Factor of Safety (FS) over time for three different durations of the total sea-
level drawdown (25, 50 and 90 kyr) initially tested. In all cases, the amplitude of the total sea-level 
drawdown was kept constant at 1500 m below the initial sea level. 
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In order to evaluate the effect of the drawdown rate on the stability of the margin, the 

FS was calculated every 1 kyr for the first 10 kyr of drawdown, and progressively increased to 

a maximum of 10 kyr interval until total drawdown (Table VI). The FS in the initial steady-

state stage (before sea-level drawdown) is 4.83 (Table VI). The minimum FS resulting from 

the numerical analysis is: FS = 3.99 for the 25 and 50 kyr models after 3 and 7 kyr of sea-level 

drawdown, respectively; and FS = 4.11 for the 90 kyr model after 12 kyr of sea-level 

drawdown (Table VI). 

Figure 6.6. (a) Results of total 
deviatoric strain at failure after 
~200 m of sea-level drawdown, 
which corresponds to the minimum 
FS (FS=3.99) obtained for the 50 
kyr model (axis are in meters). (b) 
Deformed mesh at failure for the 
same stage.

More information can be extracted from the analysis of the evolution of the FS over 

time. Similar to that observed for the other parameters analyzed, the FS seems to follow a 

temporal evolution independent of the velocity of the sea-level drawdown. A series of 

common features observed for all the three models are summarized below (Figure 6.7): 

 The FS evolves over time following a five-step behavior: (1) At the beginning of the 

drawdown, the FS is maximum and remains constant; then (2) The FS undergoes a 

relatively small increase; (3) Just followed by an abrupt fall; (4) The FS remains 

around the minimum value for a variable period of time; and then (5) the FS recovers 

gradually with time (numerical results are compiled in Table VI). 
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 The abrupt decrease in the stability of the margins in the three models involves a 

reduction of the FS between15 and 18% from the initial value (FS0 = 4.83). 

 In the three models, this abrupt decrease occurs after the sea level has dropped ~180 

m, soon after the maximum overpressures in the model (λ* ≈ 0.5) are reached and 

under the slope the λ* > 0 are recorded closer to the seafloor (Figure 6.5). 

 The minimum FS reached is ~4 (Table VI) for the three models. 

 The resulting rupture surface develops at ~100 m depth and the sliding area extends 

~1000 meters along the uppermost slope from the shelf-break (Figure 6.6). 

Figure 6.7. Temporal evolution of the Factor of Safety (FS) for three different durations of the total 
drawdown: 90 kyr (orange), 50 kyr (red) and 25 kyr (blue). In all cases, the amplitude of the total sea-
level drawdown was kept constant at 1500 m below the initial sea level. Note the five-step development 
of the FS in all the three models: (1) Initially constant FS; (2) Relatively small rise; (3) Abrupt fall in 
the FS; (4) Stabilization at minimum values during a variable period of time; and (5) Recovery of the 
FS with time (see also Table VI). 

In order to further asses the FS/drawdown rate dependence, a series of FEM analysis 

were performed to evaluate the stability of the slope after 200 m of sea-level drop for different 

total drawdown durations (from 10 yr to 100 kyr). The results show that the FS decreases 

about 5% for total drawdown durations between 100 and 1 kyr (Figure 6.8). For the 100 kyr 
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model, the FS after 200 m of sea-level drawdown is 4.14. For the 10 kyr model, the FS at -200 

m is 3.93. The 5 kyr-model shows a steeper decrease of ~8.5 % with respect to the 100 kyr 

model (Figure 6.8). For drawdowns faster than 5 kyr, the stability of the margin abruptly falls 

to a minimum of FS ~2.79 for total drawdown duration of 100 yr, which is 32% lower than 

the 100-kyr model and ~30% lower than the 50 kyr reference model. 

Figure 6.8. Factor of 
Safety after 200 m of sea-
level drawdown for 
models simulating total 
drawdown durations from 
100 kyr to 100 yr.

6.1.2. Sensitivity Analysis of the Parameter Space 

A number of additional cases have been analyzed in order to determine the sensitivity 

of the results to the parameter values used in the analysis (Table VII). The parameters used 

directly as input in the model and that can influence the results are the friction angle, 

hydraulic conductivity, and stiffness (defined by the Young’s modulus) of the material, and 

the morphology of the continental margin by means of the angle of the upper slope. The 

sensitivity analysis is based on the percentage change (positive and negative) of these 

parameters, except for the hydraulic conductivity that has been tested by increasing and 

decreasing the reference value [Bryant et al., 1975] in up to two orders of magnitude (Table 

VII). 

Effective friction angle FS
deg % - %
20 -33.3 2.67 -33.1
25 -16.7 3.30 -17.3
30 0 3.99 0



Finite Element Modelling of Large-scale Messinian Sea-level Drawdown 

136 

35 16.7 4.79 20.1
40 33.3 5.72 43.4
45 50 6.77 69.6

Hydraulic conductivity* FS
m/day change - %

3.24E-05 Ref. value/100 3.04 -23.76
3.24E-04 Ref. value/10 3.14 -21.30
3.24E-03 Ref. value [Bryant et al., 1975] 3.99 0
3.24E-02 Ref. value*10 4.24 6.24
3.24E-01 Ref. value*100 4.32 8.27

Young’s modulus* FS
kN/m2 % - %

1.24E+06 -75 3.68 -7.9
3.73E+06 -25 3.91 -2.1
4.97E+06 0 3.99 0
6.21E+06 25 4.05 1.5
8.70E+06 75 4.16 4.3

Upper-slope angle FS
deg % - %

3 -40 6.76 69.5
4 -20 4.89 22.5
5 0 3.99 0
6 20 3.53 -11.4
7 40 3.18 -20.4
8 60 2.86 -28.3

Table VII. Sensitivity analysis of the parameter space obtained for the 50 kyr sea-level drawdown 
model based on the percentage change (positive and negative) of the input parameters. The rows written 
in blue correspond to the values assigned to the model used as reference. First and second columns 
show the value of parameter analyzed (in absolute values and % of change) and third and fourth 
columns indicates the resulted Factor of Safety (in absolute values and % of change). (*) The values 
displayed for the hydraulic conductivity and Young’s modulus corresponds to the mean value 
calculated for the 10 layer defined in the model. 

Figure 6.9 shows the sensitivity of the results obtained from the parameter space 

analysis. Comparisons are based on the percentage change in FS resulting after 200 m of sea-

level drawdown, taking as base model the previously defined 50 kyr model described above 

that resulted in a FS = 3.99 at that point.  The effect of the stiffness of the materials on the FS 

is small (Figure 6.9c). By increasing or decreasing the Young’s modulus by 80%, the model 

shows a maximum change in the FS of 8%. 
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Figure 6.9. Results of the sensitivity analysis for (a) friction angle; (b) hydraulic conductivity; (c) 
Young’s modulus; and (d) Upper slope angle. Comparisons are based on the percentage change in FS 
resulting after 200 m of sea-level drawdown and taking as base model the previously defined 50-kyr 
model described above, which resulted in a FS = 3.99 at that point. See also Table VII. 

In the case of the friction angle, the hydraulic conductivity and the morphology of the 

continental slope, the sensitivity of the results seems to be more significative. Response of the 

margin to equivalent increase and decrease in hydraulic conductivity is not symmetrical. 

Whereas an increase of up to two orders of magnitude in the hydraulic conductivity increases 

~8% the FS of the model, the equivalent 2-orders of magnitude decrease entails a ~23% 

decrease of the FS.  The effect of the friction angle is also noticeable. By decreasing the 

friction angle over a 50%, the model shows an equivalent decreasing of 50% in the FS, 

whereas the result of a 50% increase in the friction angle correspond to 75% increase in the 

FS. However, the more influential parameter seems to be the angle of the upper continental 

slope. In this case, this parameter shows an exponential decay of the FS with the steepness of 
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the slope. By increasing the angle of the upper slope only by 1º, the FS decreases about 10%, 

whereas a decrease of 1º entails an increase in the FS of 20%. 

In order to determine the variability in the FS range based on the variability of the input 

parameters that define the 2D stratigraphic model, two additional models were analyzed. One 

model was defined using the values of the input parameters that yielded a minimum FS during 

the sensitivity analysis (Table VIII) and are suitable for the study area (i.e., Valencia Trough). 

The other model was defined based on the opposite criterion, i.e. using the values of input 

parameters that resulted in the highest FS during the sensitivity analysis (Table VIII).  

Parameter FS minimum = 1.97 FS maximum = 10.59

Effective friction angle (deg) 25 45

Hydraulic conductivity* (m/day) 3.24x10-4 3.24x10-2 

Young’s modulus* (kN/m2) 2.49x106 7.46 x106)

Upper-slope angle (deg) 3 8

Table VIII. Input parameters used to the defined the bounding models (minimum and maximum FS) 
representative of the study area (i.e., the Valencia Trough). (*) The values displayed for the hydraulic 
conductivity and Young’s modulus corresponds to the mean value calculated for the 10 layer defined in 
the model. 

The results of the FS variability show that for Mediterranean continental margins 

characterized by morphologies and physical-mechanical properties of the sediments similar to 

those described for the Valencia Trough, the minimum FS reached during the sea-level 

drawdown (for a 1500 m sea-level drop in 50 kyr) may fluctuate between ~2 and 10.5 (Figure 

6.10). 
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Figure 6.10. Temporal evolution of 
the Factor of Safety (FS) for the 
reference model (red) and the two 
bounding models (maximum FS in 
blue; minimum FS in green). In all 
cases, the amplitude of the total sea-
level drawdown was kept constant at 
1500 m below the initial sea level, 
and the total sea-level drawdown 
time was 50 kyr. Note that the 
minimum FS for all the three models 
occurs after 7 kyr of sea-level drop.

The results for the model defined for the minimum FS show that excess pore pressures 

develop shallower and closer to the upper-slope’s seafloor. Similar behavior characterizes the 

overpressure distribution. Overpressures occur along a ~200 m-thick sediment layer that 

extends from the proximal continental shelf sector to the upper-slope’s seafloor (Figure 6.11). 

This sediment layer characterized by maximum * has a thickness more than twice that the 

one observed in the reference model (Figure 6.5).  

Figure 6.11. Excess 
pore pressure 
(contour lines) and 
groundwater flow
(vectors)
distribution (upper 
figure) and 
overpressure ratio 
(*) distribution 
(lower figure) after 
7 kyr of sea-level 
drawdown for the 
model defined for 
the minimum FS
(see Table VIII for 
parameters). X and 
Y axis are in meters
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6.2. Response of the Mediterranean Continental Margins during the 
Large-scale Messinian Sea-level Drawdown 

The reinterpretation proposed in Chapter 5 of the controversial Messinian Complex 

Unit as large-scale gravity-driving deposits (or MTDs) opens a new framework by which it is 

possible to study the response of the Mediterranean margins to the Messinian sea-level 

drawdown. In this section, some relevant results of the FEM analysis performed are now 

discussed in order to understand the complex interaction between Messinian sea-level 

drawdown and submarine slope failure at a regional scale. The results show that a drop in sea 

level as has been during the MSC could generate overpressures under the continental shelf and 

upper slope that decrease the stability of the Messinian margins. The results of the model, 

however, suggests that the amplitude and duration of the Messinian sea-level drawdown 

proposed in previous works would not, by itself, enough to destabilize a Messinian margin as 

the one interpreted for the SW Valencia Trough, and to generated MTDs as those observed in 

the seismic images. 

Thus, special emphasis has been placed in this section to understand how the Messinian 

sea-level drop acted as preconditioning factor to decrease the stability of the Messinian 

Mediterranean margins and contribute to deposition of large-scale gravity-driving deposits 

accumulated at the lower slope and rise of the Messinian Mediterranean margins. As slope 

failure is commonly controlled by a combination of long-term conditioning factors and short-

term triggering mechanisms, the most plausible external perturbations that could have acted as 

preconditioning factors or be the final cause of failure during the Messinian Event are also 

discussed. 

6.2.1. Role of the Large-scale Messinian Sea-level Drawdown on the Stability of 
the Mediterranean Continental Margins: Implications for the Messinian Complex Unit 
Deposition 

One of the most dramatic changes experienced by the Mediterranean basin and 

surrounding areas during the MSC was the large-scale sea-level changes. As was discussed in 

previous Chapters, the MSC sea-level drawdown entailed numerous changes in the 

environment, sedimentary processes and the final continental margin configuration of the 

Mediterranean margins. Step-like profiles, abrasion platforms, incision of fluvial drainage 
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networks, strong erosion of the continental margins and deposition of large volumes of clastic 

deposits at the base of the continental margins have been directly related to the large-scale 

MSC sea-level drawdown. The results obtained in this Thesis from the stratigraphic 

interpretation of 3D seismic profiles acquired across the SW Valencia Trough (SGV01 

seismic survey) and discussed in Chapter 5 suggest a relationship between the MSC sea-level 

drawdown and the deposition of the Messinian Complex Unit in the context of mass-transport 

deposition. The regional character of this instability phenomenon is supported by the 

description of large-scale slope failures in other areas of the Mediterranean Sea during the 

Messinian [Bowman, 2012; Gargani et al., 2014; Gorini et al., 2015]. 

In this framework, the 1500 m Messinian drop of the Mediterranean sea level may lead 

to the redistribution in pore water pressures within the sediment of the Mediterranean 

continental margins and to the development of transient excess pore pressures (Figure 6.3), 

which potentially could induce the slope failure (Figure 6.6) and the downslope deposition of 

MTDs. Previous work has suggested that sea level fluctuations can impact on slope stability 

directly [Weaver & Kuijpers, 1983; Lee et al., 1996; Antobreh & Krastel, 2007], as they alter 

the stress regime at the seafloor. 

In this Chapter, the large-scale Messinian sea-level drawdown has been analyzed from 

the FEM approach in order to understand the implications of a change in the total stress 

conditions in the Mediterranean continental margins. In general, the fully-coupled 

deformation and stability analysis performed to reproduce the Messinian sea-level drawdown 

for the amplitude and time ranges proposed in the literature (1500 m sea-level drop in 20-90 

kyr) suggests that the stress-induced pore pressures generated during the drawdown are not 

enough to directly cause slope failure of the Messinian continental margins. The fully-coupled 

transient seepage and deformation analysis shows that, during the sea-level drawdown, a 

decrease of hydrostatic pore pressures occurs and both seepage and stress-induced excess pore 

pressures develop inside the sediment (Figure 6.3). The increase in pore pressure causes 

drainage (outflow through the seafloor; Figure 6.3), and the load is transferred to the solid 

grains. Concurrently, the stabilizing effect of the water outside the slope is removed. Under 

these conditions, the rate of pore pressure dissipation is controlled by the initial conditions 

after drawdown but also by the hydraulic conductivity and the pore pressure gradient. 
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The overpressure distribution over time shows that overpressure development starts 

when the entire water column over the proximal sector of the model is removed (Figure 6.5) 

and migrates deeper into the sediment as the sea-level drops (Figure 6.12). It reaches 

maximum values for the model (λ* ~ 0.5) after 120-150 m of sea-level drawdown under the 

continental shelf (Figure 6.4 and Figure 6.5). It is also under the shelf that higher 

overpressures affected shallower sediments (* of ~ 0.5 in the upper 50 m below the seafloor; 

Figure 6.12). However, the FS characterizing the model at that time is pretty close (FS = 4.8 –

4.9) to the FS under the initial steady-state conditions (FS0 = 4.83) (Table VI). The fact that 

those maximum overpressures observed are not reflected in a decrease of the FS – in fact, the 

minimum FS is observed later – is probably related to the slope’s gradient of the continental 

shelf under which the maximum overpressures are generated. As it was noted by the 

sensitivity analysis of the parameter space, the angle at which sediments rest has a significant 

influence on the final stability of the sediments, showing an exponential decay of the FS with 

the steepness of the slope (e.g., by increasing the angle of the upper slope only by 1º, the FS 

decreases about 10%, whereas a decrease of 1º entails an increase in the FS of 20%; Figure 

6.9). The continental shelf in the model has been defined almost horizontal (angle of 0.1º), 

based on the present-day bathymetry of the Ebro margin (continental shelf’s angles 0 - 0.5º; 

see inset in Figure 3.14). This geometry, almost in any case, prevents sediments of the 

continental shelf to slide. 

However, even though decouple from the timing of maximum overpressures 

development, the FEM analysis shows that – for the wide range of drawdown rates tested (100 

yr to 100 kyr) – the stability of the margin suddenly decreases after 180-200 m of sea-level 

fall, soon after the sea level goes down the shelf break. At that time, the overpressure 

distribution shows a displacement of the maximum * deeper into the sediment under the 

continental shelf (Figure 6.12), and basinward under the upper continental slope, where the 

angle at which the sediments are resting is higher (~5º) (Figure 6.5). This timing of the 

minimum slope stability coincides with the early Messinian deposition of the Complex Unit 

proposed earlier in this Thesis (Chapter 5) and is also in agreement with previous works [Lofi 

et al., 2005; Bertoni & Cartwright, 2007a; Bache et al., 2015; Gorini et al., 2015]. The 

analysis of the groundwater flow and excess pore pressure suggest that the decrease of 
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hydrostatic pressure generated by the further sea level fall increases head differences between 

continental groundwater and sea level, which in turn increases the groundwater seepage from 

the inner to the outer shelf (Figure 6.3). These changes in the hydrostatic conditions may have 

induced an important increase in excess pore pressures in the shallowest sediments (~50-100 

m depth) near the slope. As at that time the area emerged of the continental slope is still 

relatively narrow and the outflow rate through the seafloor is moderate (~50% of the 

maximum reached at the model; Figure 6.3). This combination could prevent the rapid 

dissipation of the excess pore pressure, resulting in the important decrease of the effective 

stress and the consequent decrease of the margin stability (FS ~ 4.0-4.2). 

Figure 6.12. Temporal evolution of overpressure ratio at 8 control wells (located above in the figure) 
for the 50 kyr-model. Red dashed-line indicates the time (7 kyr) at which the sea level had dropped 200 
m below the initial level. This time corresponds to the minimum FS during sea-level drawdown 
calculated in the model. Vertical axis is in meters; horizontal axis is in kyr.  

Moreover, at that time during the sea-level drawdown (sea level located 150-200 m 

below its initial level), the depocenters are moving offshore near the shelf break and the 
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likelihood of deposition on the slope increases. The related overburden of the sediments at the 

shelf edge and upper-slope and the resulting increase of the gravitational shear stress can 

contribute to build up excess pore pressures in the underlying sediment [Posamentier et al., 

1992; Lee, 2009]. This effect of overburden can be especially noticeable in marine 

hemipelagic sediments characterized by low permeability, leading to the potential reduction of 

sediment shear strength [Dugan & Flemings, 2000; Duncan & Wright, 2005; Watt et al., 

2012a]. Another factor affecting the final stability of the continental margin is the lower 

consolidation of the sediments in the shelf-break area where overpressures are shallower at 

this time (Figure 6.5 and Figure 6.12) and, thus, characterized by minor shear strength. 

Combination of this factor could lead to decrease the stability of the continental margin and 

contribute to the final slope failure, and MTDs deposition at the base-of-slope of the 

continental margins.  

An additional factor to consider at this stage of the sea-level drawdown (150-200 m 

sea-level drop) is the discharge of the drainage networks and associated shelf-edge deltas (e.g. 

the Nile, the Rhône or the Ebro Rivers) on the upper continental slope. Development of thick 

sedimentary bodies near the shelf break and the associated loading can increase the 

overpressures and therefore, the risk of failure. Additionally, the sensitivity analysis suggests 

that effective friction angle, the morphology of the continental margin and, to a lesser extent, 

the hydraulic conductivity of the material play a major role in the stability of the margin. As 

shown in the previous Section, variation in the physical-mechanical properties of the 

sediments due to local conditions or changes in the sedimentary patterns as those associated to 

sea-level drawdown conditions could result in a decrease in the FS of up to 50% (Figure 6.10). 

With minimum values of FS ~2, any external factor, despite being small, may act as a 

triggering mechanism. 

The slope geometry has also been pointed out by the sensitivity analysis as playing a 

major role in the response of the margin to the Messinian sea-level drawdown. In areas such 

as the Valencia Trough or many other Mediterranean margins, numerous canyons, channels 

and drainage systems have been described in the present-day bathymetry but also related to 

pre-Messinian times. The slope gradients average 4°- 6°, but in canyon heads and walls the 

gradient may exceed 18° [Alonso et al., 1985]. The interplay between canyon/channel 
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development and mass wasting deposits has been widely referenced in the literature [Canals et 

al., 2000; Sultan et al., 2007b]. 

6.2.2. Other Preconditioning Factors and Triggering Mechanisms Acting during 
the Messinian Event 

As was previously mentioned, marine sediments in the shallow subsurface (i.e. > 1 km 

burial depth) are typically considered unconsolidated. As their porosity is high, the cohesion 

and intergranular bounds are low, and fluid production rate by compaction is high, they are 

prone to mobilization [Maltman & Bolton, 2003]. Slope failures are generally controlled by a 

combination of long-term preconditioning factors (e.g., high sedimentation rate, weak layer 

and oversteepening) and short-term triggering mechanisms (e.g., earthquake, anthropogenic 

activity), which induces the shear stress within the sediments to exceed the shear strength of 

the material thereby [Locat & Lee, 2002; Masson et al., 2006; Ercilla & Casas, 2012]. Some 

of them were previously introduced in Chapter 3 (Table III). These vary from sudden impacts 

operating on timescales of minutes (e.g. earthquakes) to geological processes lasting from tens 

to hundreds of thousands of years (e.g. volcanic island processes). 

Among various factors leading to a decrease in shear resistance of the sediments, the 

most important one is overpressure which can be generated by different mechanisms such as 

high sedimentation rates, unloading, cyclic strength degradation or rapid water-level changes 

[Locat & Lee, 2002; Masson et al., 2006]. In the previous section of this Chapter, it has been 

described how a sea-level drop equivalent to the Messinian one might be responsible for 

overpressure build-up in the sediments deposited along the Mediterranean continental 

margins. This sea-level drawdown process acted all over the Mediterranean basins during the 

MSC, and even if the resulting overpressures seem not enough to cause the slope failure by 

itself, the combined action of the Messinian sea-level drawdown with other preconditioning 

factors or triggers – directly related or not by the Messinian Event – could lead to increased 

driving stresses or decreased resistance of the sediment to sliding and to final failure. As the 

physical and geotechnical properties depend to a large extent on lithology and grain size of the 

deposits, some local factors (e.g. high sedimentation rate, fluid seepage, steep seafloor 

morphology, earthquakes) could also result in overpressure [Sultan et al., 2004]. These local 

distinctive factors would explain some misfits in the timing and process of deposition of the 
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MTDs between different Mediterranean margins [Stampfli & Hocker, 1989; Savoye & Piper, 

1991; Lofi et al., 2005, 2011b; Sage et al., 2005; Maillard et al., 2006a; Bache et al., 2009, 

2015; Estrada et al., 2011; Gorini et al., 2015] as it was explained in Chapter 5. In this section 

some preconditioning or triggering factors that could contribute locally or regionally to slope 

failure are discussed in the context of the MSC. 

Slope oversteepening 

Slope oversteepening related to canyons and Messinian erosional processes has already 

been discussed in the previous section as one of the factors playing a major role on the 

decreased stability of the Mediterranean margins. Other factor point as responsible for slope 

oversteepening of continental margins is the isostatic/flexural adjustment of the crust as 

response to the loss of weight by ice sheets retreat or sea-level changes [e.g. Norman & 

Chase, 1986; Muir-Wood, 2000; Stewart et al., 2000; Gargani, 2004; Govers et al., 2007, 

2009; Lee, 2009; Urlaub, 2013]. In the context of the MSC, significant isostatic adjustment of 

the Mediterranean basin as a consequence of the large-scale sea level fall, deep erosion and 

evaporite loading has been proposed by many authors [Gargani, 2004; Govers et al., 2007, 

2009; Bache et al., 2009; Ryan, 2009]. 

Bache et al. [2009] proposed an initial isostatic unloading of the Mediterranean margins 

from water loss at the beginning of the MSC, and a later basin loading by the accumulation of 

the thick halite layer estimated by hundreds of meters by other authors [Govers et al., 2007, 

2009]. The consequence of such margin unloading and/or basin loading is uplift of the rims 

and a tilting of the slopes towards the basin centers. The resulting differential uplift may lead 

to significant slope angle increase and therefore gravity flows. The timing suggested for the 

initial unloading from water loss at the beginning of the MSC coincides with the depositional 

timing proposed for the MTDs in previous Chapter 5. This tilting response of the slopes 

would be reinforced by the progressive increase in the salinity and density of the 

Mediterranean Sea brine prior to the threshold for halite precipitation [Ryan, 2009], which 

would increase the evolving weight of sediment in the deepwater areas and induce a 

progressive loading on the underlying lithosphere. 
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Internal waves 

Slope stability could be affected by internal waves developed during periods of water-

mass density stratification by: (1) Contributing to sediment transport and influencing the 

nature and geotechnical properties of sediment remaining, or (2) Directly loading the slope 

and degrading the sediment strength by repeated loading [Baraza et al., 1990; Micallef et al., 

2012]. Periods of stratification of the water column during the MSC have been suggested, for 

example, from planktonic environmental markers [Violanti et al., 2007] or from biomarkers 

recognized within two dolomite beds underlying the clastic evaporites, as well as in the shales 

interbedded to the gypsum beds of the Lower Evaporites in Vena del Gesso (Italy) [Sinninghe 

Damste et al., 1995]. The proposed timing for the beginning of density stratification in a first 

stage of the MSC [Ryan, 2009] agrees with the timing proposed for deposition of the MTDs in 

many areas [Lofi et al., 2005; Bowman, 2012; Gorini et al., 2015] and earlier in this Thesis 

(Chapter 5). 

Earthquakes 

Historical evidence suggests that earthquake triggering appears to be key to initiating 

failures, even along passive margins [Dugan, 2012]. Seismic shaking can cause and increase 

in the pore pressure as well as a decrease in the sediment’s strength and is therefore capable of 

triggering a submarine slide [Yamada et al., 2012]. Additionally to the Mediterranean areas 

that were tectonically active during the MSC, a genetic link between the major tectonic 

activity that occurred during the MSC and sea-level drawdown has been proposed [Scarselli et 

al., 2007]. One of the mechanisms well linked to earthquake generation in passive margins is 

the brittle response of the crust to stress changes [e.g. Muir-Wood, 2000; Stewart et al., 2000; 

Bungum et al., 2005; Brothers et al., 2013], which would related to the isostatic readjustment 

of the Mediterranean margins due to changes in the loading conditions discussed above. 
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Chapter 7. Conclusions and Outlook 

The main objective of the research presented in this Thesis was to improve our 

understanding of the Messinian Event, in general, and the interaction between the sea-level 

changes and the Messinian continental margin configuration, in particular. The combined 

analysis of 3D seismic data from the continental shelf, 2D regional multichannel seismic data 

from the continental margins to the deepwater basin and 2D numerical modeling of the 

Mediterranean continental margins has provided a complete picture of the processes and 

interactions of the Messinian Event in an intermediate-water basin as the Valencia Trough. 

This Thesis has allowed refining some aspects of the stratigraphic framework of the 

Messinian Salinity Crisis (MSC) events as well as to decipher some of the environmental 

changes experienced by the Mediterranean region at the end of the Miocene. In this Chapter 

7, the most relevant findings of this research are summarized and some of the frontiers that 

could be addressed by future MSC research are proposed. 

7.1. Conclusions 

Late Miocene Sedimentary Architecture of the Ebro Continental Margin from 

3D seismic data 

(1) Miocene depositional settings: The NE–SW-oriented horst-and-graben structure of the 

Ebro Margin controlled the initial depositional patterns of the Miocene megasequence, with 

sediment deposition occurring predominantly in the graben troughs. From late Serravallian to 

Tortonian, a prograding depositional sequence entailed the basinward migration of the 

shoreline, with depocenters placed in the northeastern sector of the study area and indicating 

the presence of a point source close to the present-day Ebro River mouth. Sedimentation 

during the Late Miocene displays proximal onlap on previous clinoforms and distal 

paraconformity with underlying and overlying sequences. This suggests that the youngest 

progradations in the Miocene megasequence are Messinian in age. The depositional 

architecture revels that the Late Miocene in the Ebro margin was characterized by a Tortonian 

Highstand followed by the Messinian Falling Stage and Lowstand Systems Tracts. 



Conclusions 

152 

(2) Origin of the Messinian step-like profile: The erosional surface left by the MSC has a 

particular flat–steep–flat–steep profile that cannot be explained correctly without having into 

account the detailed amplitude distribution (indicative of sedimentary facies and processes) 

and the underlying sedimentary record. Occurrence of suspected Messinian progradations 

below the Margin Erosion Surface (MES) suggests that this surface is the top of a relatively 

little eroded Falling Stage and Lowstand Systems Tracts (Region II), which lies at the foot of 

the highly eroded preceding highstand (Region I). One stage of gradually decreasing sea-level 

drawdown rate could be enough to generate such stepped profile. Full preservation of the 

Messinian Ebro River suggests that the step-like profile was created during Messinian 

desiccation and not during Zanclean inundation, as erosion in the latter case would have 

destroyed the well- preserved fluvial deposits. 

(3) Timing of capture of the Ebro Basin: The results obtained indicate a sedimentary-

active continental slope and delta progradation during Middle-Late Miocene, in a normal 

regressive context associated to a pre-Messinian proto-Ebro River. The width of the major 

valley, the sinuosity of its drainage system and the low gradient of the long-profile 

corroborates that the capture of the Ebro Basin occurred prior to the MSC, since a relative 

small river captured during Messinian would not have enough time to reach these equilibrium 

conditions. 

Stratigraphic analysis of the Messinian seismic markers in SW Valencia Trough 

from multichannel seismic data 

(4) Significance of the Messinian Complex Unit: Initial rapid sea-level drawdown and 

exposure of the shelf and upper slope of the Valencia margin induced large-scale 

destabilization of the slopes and deposition of the Complex Unit at the base-of-slope in the 

form of major Mass-transport Deposits (MTDs). Loading by the MTDs of deepwater 

sediments generated significant stresses, inducing deformation in a series of imbricated 

compressional structures. The geometry of these structures involves one major, if not one 

single, phase of slope collapse. Differences regarding the timing of deposition, variability in 

the descriptive features, nature and differences in the geometrical and temporal relationship 

compared to other Complex Units described elsewhere in the Mediterranean basin are 

probably reflect that the drawdown acted in combination with local factors such as dimension 
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of the drainage basin, local base level of the basin, regional tectonic activity, nature and 

thickness of the sediment cover and geometry of the substratum. Such local factors may also 

contribute or act as preconditioning factors on the final slope failure. 

(5) Origin of the Messinian Valencia Channel: As sea-level continued to drop, high 

sedimentary input to the submerged part of the margin increased bed load transport and 

allowed the development of a major submarine channel beneath the present deepwater 

Valencia Trough. The lateral correlation of the Messinian Valencia Channel with the 

MES/TES and the draping of the channel’s bed by the Upper Evaporites support the 

development of this paleo-network during the final stages of the Messinian drawdown and the 

lowstand. The absence of fluvial terraces and channel infill typically associated to subaerial 

fluvial systems and the lack of an upslope connection to the shelf (in contrast to that observed 

for the paleo-Ebro River) suggest a submarine origin of the paleo-Valencia network. 

(6) Deposition of the Upper Unit: Deposition of the Upper Unit started northward in the 

Liguro-Provençal basin probably at the end of the sea-level drawdown and during the short 

period of lowstand. A relatively slow transgressive phase prior to the final rapid re-flooding, 

together with a high evaporation rate, favored the aggradational geometry of the Upper Unit in 

a shallow-water basin. The top of the Upper Unit (Messinian Top Surface, TS) is displayed as 

a relatively smooth surface on which Pliocene sediments downlap, suggesting rapid 

inundation of the basin. Only minor erosional features could be found on the Top Surface that 

are perhaps related to dilution and minor erosion at the top of the Messinian sequence during 

the Lago-Mare event. 

Response of the Mediterranean continental margins during the large-scale 

Messinian sea-level drawdown 

(7) Decreased stability of the Mediterranean continental margins during large-scale sea-

level drawdown: The results derived from the FEM analysis suggests that, as consequence of 

the large-scale Messinian sea-level drawdown, a basinal decrease in hydrostatic pore pressures 

occurs and both seepage and stress-induced excess pore pressures develop inside the sediment 

of the Mediterranean continental margins. The resulting overpressure distribution suggests 

that the excess pore pressures are not enough to directly cause slope failure of the Messinian 
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margins but they causes a decrease of the stability of the margins by 15-18% and a minimum 

FS after ~200 m of sea-level fall, soon after the sea level goes down the shelf-break. This 

timing of the minimum slope stability agrees with the early Messinian deposition of the 

Complex Unit proposed in this Thesis. Therefore, the Messinian sea-level likely 

preconditioned the Mediterranean continental slopes to be susceptible to instability. Once the 

slope is preconditioned for failure, an external perturbation or some local characteristics of the 

margin may induce the final failure. 

(8) Influence of other preconditioning and triggering factors during the MSC: The 

sensitivity analysis of the parameter space evidences that the combined action of the 

Messinian sea-level drawdown with other preconditioning factors or triggers – directly related 

or not with the Messinian Event – could lead to decreased resistance of the sediment to sliding 

and to final failure. Factors leading to slope oversteepening or the local presence of 

sedimentary materials characterized by low friction angles could result in further decrease of 

the margin stability. Other factors probably related to the instability of the Mediterranean 

margins and related to the MSC are: (a) Changes in the depositional sedimentary pattern due 

to Messinian sea-level regression, particularly at the onset of sea-level drawdown when rivers 

delivered their sedimentary load directly the upper slope; (b) Local slope oversteepening 

related to channel incision during sea-level regression; (c) Regional slope oversteepening due 

to differential uplift resulting from isostatic unloading of the Mediterranean continental 

margins from water loss and basin loading by the accumulation of the thick halite layer; (d) 

Internal waves developed as consequence of stratification of the water column by increased 

salinity; (d) Earthquakes associated to active areas or caused by the brittle response of the 

crust to stress changes associated to the isostatic rebound. 

A refined stratigraphic framework for the MSC  

The particular location and geometry (i.e., intermediate-water basin) of the Valencia 

Trough has provided the opportunity to study numerous controversial features in the context 

of the MSC: The origin of the step-like profile characteristic of the MES, the development of 

large submarine and subaerial drainage networks, the geometrical relationship between 

Messinian markers, the origin of the largely debated Messinian Complex Unit or even the role 

of the sea-level drawdown on the stability of the Mediterranean continental margins. From 
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new insights into the nature, timing and mechanisms involved in the Messinian Salinity Crisis, 

a refined stratigraphic framework is proposed: 

1. During the Miocene and until late Tortonian, the Mediterranean passive margins were 

characterized by prograding depositional sequences in the context of a Highstand 

System Tract. 

2. Salt precipitation is expected to quickly respond to the restriction of the 

Mediterranean-Atlantic exchange and to start precipitating during early Messinian, at 

a relatively high sea level. 

3. During late Messinian, the Mediterranean sea level starts a large-scale sea-level 

drawdown, resulting in the initial development of a Falling Stage System Tract. 

3.1.  The shelf and upper slope of the Mediterranean continental margins were 

subaerially exposed and the depocenters displaced offshore. The MES started to 

develop and the major Mediterranean rivers began to incise to adapt to the new 

base level into the Tortonian Highstand deposits. The sediment supply was 

strongly increased and contributed, in some areas, to the development of 

submarine channels that transported the products of erosion to the deepwater 

basin. 

3.2. The rapid removal of the stabilizing effect of the water column in low 

permeability sediments built up overpressures up that reduced the stability of the 

continental slopes. In some areas, the combined action of the sea-level drawdown 

and other preconditioning or triggering factors led to large-scale catastrophic 

slope-failures and deposition of the Complex Unit at the lower slope and rise of 

the Messinian margins. The deposition of this Complex Unit post-dates or is 

synchronous with the latest stages of salt precipitation. 

4. The gradually slowing down of the sea-level fall allowed the development of a 

smooth surface at the top of the Lowstand System Tract, whereas the long-time 

exposure of the proximal shelf and upper slope resulted in the shaping of a rough 

erosional surface deeply carved by fluvial networks and channel systems. 
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5. A relatively slow transgressive phase prior to the final rapid re-flooding, together with 

high evaporation rate, favored aggradational geometry of the Upper Unit in a shallow-

water basin. 

6. At the end of the MSC, the reestablishment of the Mediterranean-Atlantic connection 

triggered the rapid sea-level rise and the return to fully and stable marine conditions. 
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7.2. Outlook 

This Thesis has provided novel information concerning the nature, timing and 

mechanisms involved in the Messinian Salinity Crisis using a multi-methodological and 

multiscale approach. The resulting research work has allowed clarifying some largely debated 

MSC issues, such as the genesis of the MES step-like profile, the origin and depositional 

timing of the Complex unit or the stratigraphic relationship between some Messinian seismic 

markers. From these new constrains, a refined stratigraphic model for the MSC has been 

proposed. However, additional geological, geophysical, and geochemical information is 

needed to address some fundamental MSC questions arising with these new findings. 

The distribution and stratigraphic relationship between most of the Messinian seismic 

markers (i.e. MES, Top Surface, Bottom Surface, Complex unit…) in the Valencia Trough 

has been inferred in this Thesis from a combination of 2D and 3D multichannel seismic data 

and stratigraphic information from industry wells (Figure 7.1). However, the intermediate 

water-depth character of the Valencia Trough did not allow for the complete reconstruction of 

stratigraphic MSC offshore succession, as the Lower and Mobile Units are not displayed in 

this area. In the last years several proposals for drilling in the Mediterranean Sea have been 

presented as part of the Uncovering a Salt Giant umbrella proposal, a multi-phase 

International Ocean Discovery Program (IODP) that involves a wide spectrum of scientific 

disciplines. Scientific drilling in the deep Mediterranean basins could provide a unique 

opportunity to study the complete record of the MSC under their original depositional 

configuration and fill the time lag corresponding to the widespread erosional surface (MES) 

that has prevented the construction of a coherent scenario linking the outcropping MSC 

evaporites, the erosion on the margins, and the deposition of clastics and evaporites in the 

abyssal plains. 

To solve this issue and taking into account the new MSC questions arising in this 

Thesis, a multichannel seismic experiment consisting of 4 regional profiles that complement 

the existing data is proposed. The geophysical experiment has been designed to cut industry 

wells available and several sites of the Uncovering a Salt Giant IODP drilling project (Figure 

7.1). The multichannel seismic survey has been designed in order to take advantage of the 

gentle gradient of the basin floor, which favors the record of the smallest sea-level variations 
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and provides a unique opportunity to quantify the amplitude of the Messinian sea-level 

drawdown and to test the hypotheses of a stratified water column and of a 

diachronous/synchronous onset and end of the MSC. Additionally, this characteristic stepped 

profile would favor the accumulation and preservation of the MSC succession at various 

water-depths. 

Figure 7.1. Geophysical (orange lines) and drilling (yellow circles) proposal integrated with the 
Uncovering a Salt Giant multi-phase IODP drilling Project. Base map represents the refined extent of 
the MSC markers in the Valencia Trough after this Thesis (modified from Figure 0.1). 

Profile P1 would allow the stratigraphic correlation between both survey areas analyzed 

in this Thesis and to shed new light into the transition from the MES step-like profile to the 
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deepwater succession. This profile is designed to cut 2 industry wells available in this area, 

which would allow the correlation of the MCS data with the main stratigraphic seismic units. 

Profile P2 crosses the Valencia Trough from the Ebro margin to the Balearic margin. 

The orientation of this continent-ocean-continental transect would provide the opportunity to 

study the differential response of the margins to rapid loading and unloading. This information 

may help to constrain the influence of the isostatic adjustment of the crust for future 

modelling. Additionally, the imaging of both conjugated margins would provide key 

information for quantifying the amplitude of the Messinian sea-level drawdown. Moreover, 

Profile P2 cuts the IODP proposed BAL-05 site, suggested as part of a complete shallow-to-

deep transect of sites on perched and stepped basins. 

Profiles P3 and P4 would allow the stratigraphic correlation between both survey areas 

and also to connect the Valencia Trough northward to the deep-water Gulf of Lions, where the 

complete Messinian Trilogy has been described. Key information on the depth-ward transition 

of the MSC would be available. Additionally, profile P3 runs over one of the available 

industry wells, which allow extending the main stratigraphic seismic units towards the 

deepwater basin. Profile P4 is designed to cut the FORNAX-1 well available for this Thesis 

and one IODP site (BAL-01) proposed in the framework of the Uncovering a Salt Giant

umbrella proposal, which would allow the correlation of the multichannel seismic data with 

the main stratigraphic seismic units. 

Profile P5 runs from the Menorca continental shelf to the deepwater Provençal basin. 

This profile would provide the complete shallow-to-deep transect, from the MES on the shelf 

to the complete Messinian Trilogy in the deepwater basin, also including the controversial 

Messinian Complex Unit. 

Finally, in addition to the acquisition of new geophysical and geological data in the 

Valencia Trough further modelling is suggested in order to understand how some of the 

preconditioning factors and triggering mechanisms proposed in Chapter 6 could have acted 

during the Messinian Event. The influence of earthquakes, isostatic adjustment or sediment 

loading should be tested in order to quantify the response of the Mediterranean margins to 

these destabilizing factors. 
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Appendix 

Figure A.1. Lithostratigraphic information of 286:Sagunto 1 well. Extracted from Lanaja [1987]. See 
Figure 3.3 for location. 
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Figure A.2. Lithostratigraphic information of 317:Columbretes A-1 well. Extracted from Lanaja [1987]. 
See Figure 3.3 for location 
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Figure A.3. Lithostratigraphic information of 328:Denia-1 and 354:Marina del Turia E-1 wells. 
Extracted from Lanaja [1987]. See Figure 3.3 for location. 
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Figure A.4. Lithostratigraphic information of 389:Valencia 3-1 and 435:Cabriel B-2A wells. Extracted 
from Lanaja [1987]. See Figure 3.3 for location. 
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Figure A.5. Lithostratigraphic information of 404:Ibiza Marino AN-1 well. Extracted from Lanaja 
[1987]. See Figure 3.3 for location. 
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Figure A.6. Lithostratigraphic information of 444:Golfo de Valencia F-1 and 590:Golfo de Valencia D-
1 wells. Extracted from Lanaja [1987]. See Figure 3.3 for location. 
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Figure A.7. Lithostratigraphic information of 491:Golfo de Valencia G-1 well. Extracted from Lanaja 
[1987]. See Figure 3.3 for location. 
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Figure A.8. Temporal evolution of excess pore pressure (Pexcess = Pwater – Psteady; or the equivalent Pexcess
= Pore pressures – Hydrostatic pore pressures) (contour lines) and groundwater flow (vectors) during 
sea-level drawdown for five different stages of the 25-kyr model: After (a) 1 kyr; (b) 3 kyr; (c) 5 kyr; 
(d) 12 kyr; (e) total drawdown (25 kyr). Contour lines are plotted every 1000 kN/m2 and vectors are 
scaled, so that 5·10-3 cm/day flow equals 1 cm. X and Y axis are in meters. 
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Figure A. 9. Temporal evolution of excess pore pressure (Pexcess = Pwater – Psteady; or the equivalent Pexcess
= Pore pressures – Hydrostatic pore pressures) (contour lines) and groundwater flow (vectors) during 
sea-level drawdown for five different stages of the 90-kyr model: After (a) 5 kyr; (b) 10 kyr; (c) 20 kyr; 
(d) 50 kyr; (e) total drawdown (90 kyr). Contour lines are plotted every 1000 kN/m2 and vectors are 
scaled, so that 5·10-3 cm/day flow equals 1 cm. X and Y axis are in meters. 
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Figure A. 10. Temporal evolution of overpressure ratio (*) for five different stages of the 25-kyr 
model: After (a) 1 kyr; (b) 3 kyr; (c) 5 kyr; (d) 12 kyr; (e) total drawdown (25 kyr). Stages are 
equivalent (in meters of sea-level drawdown) to the stages shown in Figure 6.3 for the 50-kyr model 
and in Figure A. 11 for the 90-kyr model. X and Y axis are in meters. 
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Figure A. 11. Temporal evolution of overpressure ratio (*) for five different stages of the 90-kyr 
model: After (a) 5 kyr; (b) 10 kyr; (c) 20 kyr; (d) 50 kyr; (e) total drawdown (90 kyr). Stages are 
equivalent (in meters of sea-level drawdown) to the stages shown in Figure 6.3 for the 50-kyr model 
and in Figure A. 10 for the 25-kyr model. X and Y axis are in meters. 
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